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 My research of interests are focused on gas phase anion clusters. The experimental 
method utilized in this dissertation is negative anion photoelectron spectroscopy (PES). Anion 
photoelectron spectroscopy is conducted by crossing a mass-selected beam of negative ions with 
a fixed-frequency photon beam and energy-analyzing the resultant photodetached electrons. It is 
especially useful to study interactions between molecules. In this dissertation, several interesting 
interaction between molecules are investigated. The photoelectron spectroscopic study of 
Quinoline
-
 shows that it displays a greater electrophilicity than its analog, naphthalene. The 
substituted nitrogen on its ring provides quinoline the ability to support a valence bound anion. 
The interaction between quinoline- and CO2 was further investigated. Because of the lone 
electron pair on the nitrogen, the stable CO2 linear structure can be bent and stabilized by the 
conjugated ring. In the hydrated N-heterocylic system, five molecule were examined ranging 
from one nitrogen substituted to three nitrogen substituted rings, including pyridine, pyrimidine, 
pyridazine, pyrazine, and s-triazine. Heterocyclic rings with only 1 or 2 nitrogen atoms have 




negative ions. A very important electron induced proton transfer process from water to pyridine 
was observed for the first time, despite the fact that water can be considered as a weak acid and 
not willing to give up a proton. Electron-induced proton transfer occurs in many biology related 
reactions. The 2-hydroxypyridine dimer had been studied both experimentally and theoretically. 
Experimental and theoretical findings confirm that the proposed intermolecular electron induced 
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Chapter 1. Introduction 
1.1 Overview 
 The physical and chemical properties of  individual atoms and molecules are often very 
different from the bulk material. Clusters, by definition, are the aggregates of atoms and 
molecules formed by interaction. The size of the clusters can range from single to hundreds. The 
investigation of the clusters provides the opportunity to unravel the evolution of the properties 
and behaviors from microscopic to macroscopic world. In addition, the characteristics of clusters 
their selves are unique and can change dramatically even with small incremental change in size. 
 In exploring the unique properties of cluster ions, mass spectrometry is a useful analytical 
technique to investigate the composition and structural information of the cluster ions. For 
example, in comparing the effectiveness of different 5-substituted uracils, theoretical calculations 
predicted that 5-thiocyanouracil would undergo dissociative electron attachment. It could be 
employed in human cancer radiotherapy if they could be sensitized to dissociate upon reaction 
with hydrated electrons. Mass spectroscopic study shows that the parent anion is not observed on 
the spectrum, while the fragment, SCN
-
 had a strong signal intensity. Therefore 5-
thiocyanouracil is a good candidate as a radiosensitizer for cancer treatment.   
 Although mass spectrometry can provide the structural information of the clusters, it is 
not sufficient to give the information of electronic structure of the cluster. The primary tool used 
in the this dissertation to investigate the electronic structures of the clusters is anion 
photoelectron spectroscopy (PES). Negative ion photoelectron spectroscopy is conducted by 
crossing a mass-selected beam of anions with a fixed-frequency photon beam and energy-




electron binding energy is measured, governed by the energy conservation relation: 
hυ=EKE+EBE, where hυ is the photon energy, EKE is the electron kinetic energy, EBE is the 
electron binding energy. Anion photoelectron  spectrometry is especially good at study the 
interaction of electrons and neutral moieties, namely electron affinity. Electron affinity is an 
important property of atoms and molecules. The stability of anions are of great importance in 
many chemistry, biology, material science area, including biological pathways of electron 
transfer, low energy attachment induced DNA pair leakage, and semiconductor chemistry.  
 In figure.1 the energies associated with electron affinity (EA) are summarized and 
illustrated. The transition between neutral and anion vibrational ground states is often referred as 
the adiabatic electron affinity (AEA). However, due to the limitation of spectroscopy 
experiments, the (0,0) transition is not always observable. Thus the vertical detachment energy 
(VDE) is often measured, which is corresponding to the most intense Franck-Condon features of 
the detachment spectrum. Vertical attachement energy (VAE), on the other hand, is usually not 
experimentally determined but always calculated by theoretical methods. The physical 
interpretation of VAE is the energy of attaching an electron to the neutral with little geometry 
change to it. In theoretical calculations, all three energies can be calculated in terms of the 
geometry optimizations.  
 AEA= ENeutral(optimized geometry)- EnergyAnion (optimized geometry)    
 VDE= ENeutral(optimized geometry of anion)- EnergyAnion (optimized geometry)    
 VAE= ENeutral(optimized geometry)- EnergyAnion (optimized geometry at neutral)    










Figure 1.1 Energy Diagram in Photoelectron Spectroscopy 
 
 













1.2 SNIPES Apparatus 
The Ion Source  
 There are many ion sources can be equipped in SNIPES. The most frequently used one is 
the supersonic expansion nozzle ion source. In this thesis, all the experiments were performed 
with this source. Negative ions are formed by expand a gas mixture at a pressure of one to four 





 Torr. The stagnation chamber is equipped with temperature control 
cooling/heating jacket as well as a heating wire coil, such that the temperature can be varied 
from liquid nitrogen temperature (-197°C) to upper temperature limit of the o-ring seal (~200°C) . 
A hot negatively biased filament (Th/Ir for oxidizing gases and Th/W for reducing gases) is 
placed immediately next to the nozzle, emitting electrons to make anions, in the presence of an 
axial magnetic field (produced by three -200 G magnets). After anions are formed, they are 
confined and extracted by a skimmer, carried downstream.       
Mass Spectrometry  
 Before photoelectron spectroscopic analysis, anions of interest should be carefully mass-
selected. The mass spectrometer equipped on SNIPES is a magnetic sector, which uses an 
electromagnet to separate ions based on their deflection due to a homogeneous magnetic field.  
Magnetic sector mass analyzers make use of the fact that a centripetal force on an ion in a 








 Where m is the mass of the cluster anion, v is the velocity, q is the charge (in our 
experiment, due to the low electron energy emitted, q is almost exclusively negative one), and V 
is the beam voltage, usually -500V. Thus, the kinetic energy of the incoming cluster anions is at 
500eV despite the mass of the cluster anions.  
 When the cluster anions enter into the homogenous magnetic field, they feel a magnetic 
force perpendicular to the direction of the velocity of the cluster anions. The result is magnetic 
force balanced with the centrifugal force and therefore the motion is circular. The beauty of the 
magnetic field is it does no work on the anions, therefore the anions of interest can be selected 
according to their velocity. The equation describes the balance of magnetic field force and 




= FB = Bvq                              (2) 
 Where Fc is the centrifugal force, FB is the magnetic force, and B is the magnetic field. 






                                                       (3) 
 From the equation 1, we got v = √
2𝑉𝑞
𝑚






                                                      (4) 
 Since the charge q, radius of the magnet r, and beam voltage V are known and constant in 
the experiment, the mass of the cluster anion m, is proportional to the magnetic field, B to the 





1.3 System Explored  
 
Water solvated N-heterocylic Cluster 
 In the hydrated N-heterocylic system, five molecules were examined ranging from one 
nitrogen substituted to three nitrogen substituted rings, including pyridine, pyrimidine, 
pyridazine, pyrazine, and s-triazine. Heterocyclic rings with only 1 or 2 nitrogen atoms have 
negative electron affinities, but the addition of solvating water molecules can yield stable 
negative ions. In the case of the diazines (C4H4N2), pyrazine, pyrimidine, and pyridazine, the 
addition of one water molecule is enough to stabilize the negative ion, with the majority of the 
excess electron density in a π* orbital of the heterocycle but not significantly extended over the 
hydrogen bonded water network. Pyridine (C5H5N), with the most negative electron affinity, 
requires three water molecules to stabilize its negative ion.  Also, a very important electron 
induced proton transfer process from water to pyridine was discussed. Bowen group has been the 
leader of investigating electron-induced proton transfer. However, this is the first time we 
observed water as a proton donor, despite the fact that water can be considered as a weak acid 
and not willing to give up a proton.  
 
Electron-Induced Proton Transfer in DNA like molecules. 
 Electron-induced proton transfer occurs in many biology related reactions. When low-
energy electrons are produced by ionization as a result of high-energy radiation, the excess 




process has been suggested as the key step in DNA tautomerization and considered to be the 
cause of damage to DNA molecules in cells. The 2-hydroxypyridine dimer had been studied both 
experimentally and theoretically, due to its structural similarity to DNA base pairs. Experimental 
and theoretical findings confirm that the proposed intermolecular electron induced proton 
transfer process occurs in the dimer anion. 
 
CO2 Activation  
 Some years ago, Kim and coworkers found that bonding took place between the carbon 
atom in CO2 and a nitrogen atom in its heterocyclic molecular partner. From a Lewis acid-base 
perspective, the heterocycle’s nitrogen atom, i.e., its lone electron pair, was the electron donor 
and CO2 was the electron acceptor, both well-known properties of these constituents. As neutral 
adducts some degree of binding would have been expected, but with the addition of excess 
electrons, robust binary anionic complexes. We examine the covalent bonding between a unique 
heterocyclic molecule, Quinoline, and CO2. In this work, the bonding energy of the (Quinoline-
CO2)- were determined by utilizing mass spectrometry, photoelectron spectroscopy, and density 
functional calculations. 
 
Quinoline Valence Anion 
 Aside from (Quinoline-CO2)- anion complex, quinoline itself forms stablize anion. 
Typically, cyclic aromatic hydrocarbons such as benzene and naphthalene as well as their 




greater electrophilicty than its analog, naphthalene, due to the presence of substituted nitrogen. A 
small but positive electron affinity of 0.16 eV was experimentally measured, indicating that 
quinoline supports a valence bound anion. Also, vibrationally-resolved anion photoelectron 
spectrum of quinoline− anion is supported by our theoretical calculations and computationally 
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     A. M. Buytendyk, Y. Wang, J. D. Graham, A. K. Kandalam, B. Kiran and K. H. Bowen 
 We report a joint photoelectron spectroscopic and theoretical study on the 
molecular anion, quinoline
−
. Analysis of the vibrationally resolved photoelectron 
spectrum found the adiabatic electron affinity, EAa(C9H7N), to be 0.16 ± 0.05 eV. 
These findings were supported by density functional theory calculations. Our 
experimental and computational results demonstrate the unusual electrophilicity for 
a polycyclic aromatic heterocycle. 
Keywords: Molecular anion; Electron affinity; Photoelectron spectroscopy; Gas 




 Typically, cyclic aromatic hydrocarbons such as benzene and naphthalene as well as their 
heteroaromatic analog structures do not support a valence bound anion. Quinoline is a polycyclic 
aromatic nitrogen heterocycle that is structurally equivalent and π-isoelectronic to naphthalene, 
where a nitrogen atom replaces the position 1 CH group on the hydrocarbon. Semi-empirical 
calculations predicted a small positive electron affinity for quinoline almost fifty years ago[1]. 
The neutral quinoline molecule has been extensively studied computationally[2-9] and 
experimentally in the gas phase by measuring the dielectric constant to determine the dipole 




infrared[18] spectroscopy. Quinoline has also general astrophysical interest [19-21]. 
Nevertheless, few experimental negative ion gas phase studies exist. The compound negative ion 
resonance (CNIR) [22] of quinoline was reported and the gas phase lifetime[23] of the negative 
parent ion was determined, however, no experimentally measured electron affinity value for 
quinoline has been reported in the literature.  
 
 Here, we present the vibrationally-resolved anion photoelectron spectrum of quinoline
−
 
anion.  From the spectrum we determined the adiabatic electron affinity to be 0.16 ± 0.05eV. 
This assignment is supported by our theoretical calculations and computationally simulated 
spectrum. The active vibrational frequencies observed compare favorably with previous 
experimentally measured vibrational modes of quinoline.  
2.2 Methods  
Experimental 
 
 Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam 
of negative ions with a fixed-frequency photon beam and energy-analyzing the resultant 
photodetached electrons. The photodetachment process is governed by the relationship hν = EBE 
+ EKE, where hν is the photon energy, EBE is the electron binding energy, i.e., the transition 
energy between the anion and a particular vibronic state of its neutral counterpart, and EKE is 
the electron kinetic energy. Negative ions of quinoline were formed in a biased (-500 V) 
supersonic expansion nozzle-ion source, where the quinoline sample was placed in a stagnation 
chamber, heated to 70 °C, and coexpanded with ∼30 psig  of argon gas through a 23 μm orifice 




more negatively biased, thoriated-iridium filament into the expanding jet, where a microplasma 
was formed in the presence of a weak external magnetic field. These anions were then extracted, 
collimated, and transferred into the flight tube of a 90° magnetic sector mass spectrometer with a 
mass resolution of ∼400. The mass-selected anions of interest were then crossed with the 
intracavity laser beam of an argon ion laser, and the photodetached electrons were energy-
analyzed in a hemispherical electron energy analyzer having a resolution of ∼20 meV. The 
photoelectron spectrum reported here was recorded with 2.540 eV photons (488 nm), and it was 
calibrated against the photoelectron spectrum of the O
−
 anion[24]. It was also measured at lower 




 Density functional theory (DFT) calculations of quinoline neutral and anion were 
performed with the Gaussian09[25] software package. Geometry optimizations, energy 
calculations and frequency analysis were all performed with the unrestricted 
wb97xd[26]functional and aug-cc-pVTZ[27-28] basis set. The highest occupied molecular 
orbital of the relaxed anion was generated in GaussView[29]. A simulated photoelectron 
spectrum was generated using the Franck-Condon method as implemented [30] in Gaussian09 
using the default parameters which includes a convolution of the spectrum with Gaussian 
distributions with a 135 cm
-1






2.3 Results and Discussion 
 
 The photoelectron spectrum of quinoline
 
anion, presented in Figure 1a, exhibits a 
vibrationally resolved profile. The observed transitions are centered at EBE 0.16 eV (peak A), 
0.23 eV (peak B), 0.33 eV (peak C), and 0.52 eV (peak D). The lowest EBE transition in the 
spectrum is its origin-containing transition, i.e., the ν′=0 ← ν′′=0 transition, and it defines the 
adiabatic electron affinity. Thus, EAa(C9H7N) was determined to be  0.16 eV ± 0.05 eV (Peak A). 
Our electronic structure calculations, including the zero-point energy, found quinoline to support 
a bound valence anion with an EA of 0.19 eV, which is in very good agreement with our 
experimentally measured value and the previous calculated semi-empirical value of 0.2eV[2]. 
Since the electron is added to a closed shell molecule, the electron affinity is expected to be 
small. There is scant evidence of vibrational hot bands in the spectrum, possibly because of 
anion autodetachment. The optimized geometries for both anion and neutral quinoline were 
calculated and found to be planar with very similar bond lengths between the structures (Figure 
2a). The highest occupied molecular orbital (HOMO) structure for the quinoline anion is shown 
in Figure 2b, where the excess electron is delocalized in the π
*
 anti-bonding orbital. A 
computationally simulated photoelectron spectrum was generated and is also shown in Figure 1b. 
The profile of the calculated spectrum matches well compared to the experimentally measured 
photoelectron spectrum.  
 
 Since quinoline is a planar species belonging to the Cs point group, there are 45 
vibrational modes that can be classified as even or odd, 31A′ and 14A′′, respectively. The A′ 




The vibrational frequencies from Figure 1a were measured as the energy spacing between peak 
centers in the spectrum and are presented in Table2.1. Previous IR studies were considered to 
identify and assign the vibrational modes[18]. The vibrational frequency 565cm
-1
 (spacing 
between A and B) is assigned as vibrational mode ν29, an in-plane ring distortion. The adjacent 
vibrational frequency (between A and C) at 1371 cm
-1
 is assigned as the vibrational modes ν14 
and ν15 a C-C bond stretch. The spacing between A and D is 2904 cm
-1
 which corresponds to the 
C-H vibrational modes ν1-7. The calculated vibrational frequencies are close to the 
experimentally measured vibrational modes which is expected since the calculated simulated 




 The molecule quinoline, displays a greater electrophilicty than its analog, naphthalene. 
Quinoline anion was formed by injecting low energy electrons into a supersonic expansion of the 
molecule seeded in argon and the anion photoelectron spectrum was recorded. A small but 
positive electron affinity of 0.16 eV was experimentally measured, indicating that quinoline 
supports a valence bound anion. Density functional theory calculations at the wb97xd /aug-cc-
pVTZ level of theory found the electron affinity to be 0.19 eV. Both our experimental and 
theoretical results were in good agreement with those from previous studies. 
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Table 2.1: Transition assignments for the photoelectron spectrum of quinoline 
compared with calculations from this studya and previously reported literature 
values 
Experimental (this work) Calculated (this work) Reported values (from literature) 
Peak 
Location 
























   0.19   0.20 
B 0.2
3 
B-A 0.07 565 0.26 532, 535 522 (ν29)  
C 0.3
3 









3004(ν5),  2979(ν7) 
 
a
Uncertainties are ± 0.05 eV or less. 
b






Figure 2.1: a) The measured photoelectron spectrum of the quinoline
-
 anion recorded using 











Figure 2.2: a) Optimized (wb97xd/aug-cc-pVTZ) structure of the quinoline
-
 anion along with the 
critical bond lengths (Å). b) The highest occupied molecular orbital (HOMO) of the ground state 
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3.1 Introduction 
Carbon dioxide has long been known to bind weakly to certain amines
1
, and more 
recently it has been found to bind to some metal organic frameworks (MOFs).
2
 Carbon dioxide 
also forms gas-phase, anionic complexes with several atoms and molecules.
3-27
 In the 
[CO2(H2O)]
-
 anionic complex, for example, an intact CO2
-
 sub-anion is stabilized by its 
interaction with water.
3,4
 In seminal work, using a combination of mass spectrometry, 
photoelectron spectroscopy, and ab initio calculations, Kim and coworkers
5
 found significant 
covalent character in the intermolecular bond between CO2 and pyridine in the gas phase 
(Pyridine-CO2)
-
 anionic complex. Vibrational predissociation studies by Johnson and coworkers
6
 
confirmed its structure and the covalent bonding character inferred by Kim. In further studies 
with CO2 and the heterocyclic nitrogen molecules: pyrazine, pyridazine, pyrimidine, triazine, and 
2-aminopyridine, analogously bonded binary anionic complexes were also found.
7,8
  
In all these cases, bonding took place between the carbon atom in CO2 and a nitrogen 
atom in its heterocyclic molecular partner. From a Lewis acid-base perspective, the heterocycle’s 
nitrogen atom, i.e., its lone electron pair, was the electron donor and CO2 was the electron 
acceptor, both well-known properties of these constituents. As neutral adducts some degree of 
binding would have been expected, but with the addition of excess electrons, robust binary 




electron attachment”, i.e., where a chemical bond was formed due to electron attachment, even 
though there was no such bond in the corresponding neutral.
7
 In each of the cases considered 
here, bond formation was likely due to delocalization of the excess electron over both the 
heterocycle’s ring and the CO2 moiety, i.e., over the entire molecular framework. This helps to 
rationalize why even though neither CO2 nor any of its above-mentioned partners possess 
positive adiabatic electron affinities, together, they formed stable anionic complexes.  
While covalent bonding character has been demonstrated for (N-Heterocycle-CO2)
-
 
anionic complexes, carbon dioxide’s binding energy there has not. Neither of the experimental 
techniques used to study them could have provided that information, and theoretical calculations 
were stymied by the necessity of dealing with molecules having negative adiabatic electron 
affinities. Quinoline, on the other hand, is different from the other N-heterocyclic molecules 
listed above in that it has a positive adiabatic electron affinity (0.16 eV).
28
 This affords an 
opportunity to determine carbon dioxide’s binding energy in the (Quinoline-CO2)
-
 anionic 
complex and by implication to estimate it in other (N-Heterocycle-CO2)
-
 anionic complexes as 
well. In the work presented here, we used a combination of mass spectrometry, anion 
photoelectron spectroscopy, and density functional calculations to study the (Quinoline-CO2)
-
 
anionic complex and to identify a value for carbon dioxide’s binding energy there. 
3.2 Experimental and Computational Methods 
Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam of 
negative ions with a fixed-frequency photon beam and energy-analyzing the resultant 
photodetached electrons. The photodetachment process is governed by the relationship hν = EBE 




energy between the anion and a particular vibronic state of its neutral counterpart, and EKE is 
the electron kinetic energy.   
Negative ions of quinoline were formed in a biased (-500 V) supersonic expansion 
nozzle-ion source, where the quinoline sample was placed in the source’s stagnation chamber, 
heated to 70 °C, and co-expanded with ~2 atmospheres of argon gas through a 23 μm orifice into 
a vacuum maintained at 10
−4
 Torr. Simultaneously, CO2 was admitted very near the nozzle on its 
vacuum side and allowed to mix with the jet. Negative ions were formed by injecting low energy 
electrons from an even more negatively-biased, thoriated-iridium filament into the expanding jet, 
where a micro-plasma was formed in the presence of a weak axial magnetic field. The resulting 
anions were then extracted, collimated, and transferred into the flight tube of a 90° magnetic 
sector mass spectrometer with a mass resolution of 400. Mass-selected anions of (Quinoline-
CO2)
-
 were then crossed with the intra-cavity laser beam of an argon ion laser (~100 Watts), 
while photodetached electrons were energy-analyzed in a hemispherical electron energy analyzer 
having a resolution of 20 meV.
29
 The photoelectron spectrum reported here was recorded with 
2.540 eV photons (488 nm), and it was calibrated against the photoelectron spectrum of the O
−
 
anion. An identical photoelectron spectrum of (Quinoline-CO2)
-
 was also observed in our lab 
using a pulsed anion photoelectron spectrometer that employed time-of-flight mass selection, a 
Nd:YAG laser, and a magnetic bottle electron energy analyzer.
30
 









 Geometry optimizations were performed without symmetry constraints 
and were followed by vibrational frequency calculations to verify the identification of stationary 




3.3 Results  
The photoelectron spectrum of the (Quinoline-CO2)
-
 anionic complex is presented in 
Figure 1. This spectrum consists of a single broad band with an onset at EBE ~1.3 eV and an 
intensity maximum at EBE = 1.8 eV, the latter being its vertical detachment energy (VDE). 
Unlike the vibrationally-structured photoelectron spectrum of the quinoline molecular anion,
28
 
no vibrational features were resolved in the photoelectron spectrum of the (Quinoline-CO2)
- 
anionic complex. 
Figure 2 presents the optimized geometries that we calculated for both the (Quinoline-
CO2)
-
 anionic complex (Fig. 2A) and the Quinoline-CO2 neutral complex (Fig. 2B). As can be 
seen in Fig. 2A, the C-N bond length in the (Quinoline-CO2)
-
 anionic complex is 1.55 Å and its 
CO2 moiety is bent by 132
0
. By comparison, the C-N bond distance in the Quinoline-CO2 neutral 







 calculated the C-N bond length in the (Pyridine-CO2)
-
 
anionic complex to be 1.46 Å and 1.52 Å, respectively, while Leopold
35
 measured the C-N bond 
distance in the Pyridine-CO2 neutral complex to be 2.798 Å.
 
Furthermore, based on a Natural 
Population Analysis (NPA), we found the negative charge on the quinoline moiety to be 0.41e, 
while that on the CO2 moiety is 0.59e. Even though the excess negative charge is delocalized 
over the entire anionic complex, it is somewhat more localized on the CO2 moiety than on the 
quinoline moiety. Figure 3 presents the highest occupied molecular orbital (HOMO) of the 
(Quinoline-CO2)
-
 anionic complex. While both the HOMO and NPA approaches indicate 





The energy difference between the (Quinoline-CO2)
-
 anionic complex in its relaxed 
geometry and the Quinoline-CO2 neutral complex in that same geometry is the VDE value. Our 
calculated VDE of 1.77 eV is in very good agreement with the experimentally observed value of 
1.8 eV. We also calculated the zero-point corrected, adiabatic electron affinity (EA) of 
Quinoline-CO2 and found it to be 0.67 eV. However, due to the geometry difference between the 
relaxed structure of the anionic complex (Fig. 2A) and that of its neutral counterpart (Fig. 2B), it 
would not be surprising if Franck-Condon overlap between the two were to be insufficient for 
the origin transition to be observed in the experimental spectrum. That appears to be the case, 
since no significant features were seen in the spectrum in the vicinity of EBE = 0.67 eV. Thus, 
the EA value of the Quinoline-CO2 complex could not be determined from the photoelectron 
spectrum alone.  
Additionally, the zero-point corrected adiabatic electron affinity of quinoline itself was 
calculated to be 0.19 eV, compared with our experimental value of 0.16 eV.
28
 Since the latter 
value derives from a straightforward assignment of our vibrationally-structured photoelectron 
spectrum of the quinolone molecular anion and is thus probably quite accurate, the 0.03 eV 
discrepancy between theory and experiment is probably a measure of the accuracy of our 
calculations. Relevant values are summarized in Table I.  
3.4 Discussion  
How strongly is CO2 bound in the (Quinoline-CO2)
-
 anionic complex?  Initially, we had 
hoped to determine this from the thermochemical relationship, 
         D0 (Quinoline-CO2)
-




using our experimental values for EA (Quinoline-CO2) and EA (Quinoline) and a calculated 
value for D0 (Quinoline-CO2), which was in any case expected to be relatively small. This 
approach, however, could not be used when the origin transition failed to appear in the 
photoelectron spectrum of the (Quinoline-CO2)
-
 anionic complex, due to a lack of Franck-
Condon overlap. 
 We then turned to a computational approach. Theoretical attempts to calculate the 
binding energy of CO2 in the earlier mentioned (N-Heterocycle-CO2)
-
 anionic complexes would 
have been stymied by the difficulty of dealing with molecules having negative adiabatic electron 
affinities, i.e., both CO2 and the N-heterocyclic molecules mentioned above. Quinoline, on the 
other hand, possesses a positive adiabatic electron affinity, and that made it possible for us to 
calculate the absolute energy of its anion. The dissociation energy of the (Quinoline-CO2)
-
 
anionic complex, D0 (Quinoline-CO2)
-
, breaking into the quinoline molecular anion, (Quinoline)
-
 
and CO2, is given by: 
               D0 [(Quinoline-CO2)
-
] = E [(Quinoline)
-
] + E [CO2] – E [(Quinoline-CO2)
-
]              (2) 
where E [M] refers to the calculated absolute energy of species, M, in its relaxed geometry and 
with its zero point energy included. By this approach, D0 [(Quinoline-CO2)
-
] was found to be 
0.64 eV.  
Likewise, the dissociation energy of the (Quinoline-CO2) neutral complex, D0 
(Quinoline-CO2), breaking into the neutral quinoline molecule and CO2, is given by: 




where again E [M] refers to the calculated absolute energy of species, M, in its relaxed geometry 
and with its zero point energy included. In this way, D0 [(Quinoline-CO2)] was found to be 0.16 
eV. By comparison, the binding energy of the Pyridine-CO2 neutral complex has been calculated 
to be 0.10 - 0.20 eV.
36
 Lastly, notice that our computed values are consistent, i.e., eqn. (1) 
balances when they are inserted into it. Also, the fact that our calculated and measured values for 
EA (Quinoline), i.e., 0.19 eV and 0.16 eV, respectively, are so close to one another provides 
reassurance in the validity of the calculations.  
 Our results indicate that carbon dioxide is bound by 0.64 eV in the (Quinoline-CO2)
-
 
anionic complex. This suggests that the earlier discussed (N-Heterocycle-CO2)
-
 anionic 
complexes also have comparable CO2 binding energies. Following Kim’s and Johnson’s 
conclusions that the (Pyridine-CO2)
-
 anionic complex exhibits significant covalent bonding 
character, it seems likely that the (Quinoline-CO2)
-
 anionic complex does too. Still, 0.64 eV is 
well below the bond strength of a most covalent bonds. On the other hand, it is much stronger 
than a van der Waals bond and also stronger than most hydrogen bonds. A binding energy of 
0.64 eV lies in an intermediate range, i.e., along a continuum of bond strengths between those of 
van der Waals and chemical interactions. It fits best among the interaction strengths of Lewis 
acid-base pairs (adducts). For neutral-neutral complexes, these span binding energies form ~0.2 
eV to significantly over an electron volt.
37,38
 For binary complexes with net negative charges, 
however, there are few signposts to guide us within the context of Lewis acid-base pairs. Perhaps, 




(CO2), which could be thought of as Lewis acid-base 




 to be 0.82 eV and 0.9 eV, 
respectively. Like (Quinoline-CO2)
-















(CO2) might better be considered to be ion-molecule 
complexes. By contrast, because all the (N-Heterocycle-CO2)
-
 anionic complexes discussed here 
owe their stabilities to their ability to delocalize their excess charges, they belong to a distinct 
class of negatively-charged complexes. 
For CO2, taking on partial negative charge means that it must bend to a corresponding 
degree and correspondingly bending presumes the acquisition of negative charge density. They 
are two side of the same coin; for CO2, bending and accepting negative charge are synonymous. 
This relationship lies at the heart of CO2 activation, and it is much in evidence in the binding of 
CO2 within (N-Heterocycle-CO2)
-
 anionic complexes. 
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 Exp EA Calc EA Calc EA  
with ZPE 







    --------   ---------  
Quinoline-CO2 <1.3 0.64 0.67      1.8      1.77 
(a) ref. 28 
Table 3.1.  Experimental and Calculated Electron Affinities and Vertical  


























Figure 3.1. The anion photoelectron spectrum of the (Quinoline-CO2)
-
 anionic complex recorded 




















Figure 3.2. Relaxed geometries of (A) the (Quinoline-CO2)
-
 anionic complex and (B) the 
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Abstract 
 Chemical bonding and the electronic structure of the trans-2,2',6,6'-tetrafluoro-
azobenzene negative ion have been studied by collision induced dissociation (CID) as well as 
photodetachment photoelectron spectroscopy (PD-PES) and the experimental results were 
compared with ab initio calculations. The parent anion was prepared by atmospheric pressure 
chemical ionization (APCI) for the collision induced dissociation experiment and through 
thermal electron attachment in the PES experiments. The adiabatic electron affinity of trans-
2,2',6,6'-tetrafluoro-azobenzene is measured to be 1.3 ± 0.1 eV and the vertical detachment 
energy is 1.78 eV. The calculated adiabatic and vertical electron affinities using wB97XD/6-
311++G(d,p) calculation are 1.5 eV and 1.0 eV respectively and the vertical detachment energy 
is 1.74 eV and in close agreement with the experimental results. Energy resolved collision 
induced dissociation of the parent anion resulted in 1.88 ± 0.2 eV bond dissociation energy for 
the collision process yielding [𝑪𝟔𝑯𝟑𝑭𝟐]
−  and 𝑪𝟔𝑯𝟑𝑭𝟐𝑵𝟐 . Ab initio calculations result in a 






− which on energetic arguments are believed to be due to collisional losses of HF 
from [𝑪𝟔𝑯𝟑𝑭𝟐]
− The occurrence of [𝑪𝟔𝑯]
− is of particular interest since it is the first anion to 




















 Azobenzene (diphenyldiazene) consist of two benzene rings connected by single C-N 
bonds to N═N and exists as trans- and cis- isomers exhibiting an orange-red color. First 
described by the German chemist Eilhard Mitscherlich
1
 in 1834 azobenzene and its derivatives 
include more than 70% of commercial dyes owing to their vibrant, chemically tunable colors, 
and extreme durability even upon continuous irradiation.
2
 Azobenezene and its derivatives are 
photo-responsive and can mechanically change its cis/trans geometry upon radiation making 
them excellent candidates for photo-switching. Photochromic switches that are able to quickly 
transmit information have attracted a growing interest because of the potential applicability of 
such systems as active data storage and communication elements in many devices, such as 
optical systems for opto-electronics, holographic materials and multi-color displays during the 
last few decades.
3
 The cis-form of azobenzene has been known since 1937 when Hartley
4
 
performed photometric studies of azobenzene and observed that the solubility of azobenzene 
changed after being irradiated with sunlight. The photo-isomerization change from trans- to the 
thermodynamically less stable cis- form occurs quickly using UV light (300-400 nm) and the 
backward reaction occurs using light (visible blue light >400 nm) or thermally on the timescale 
of minutes.
5
 Azobenzene and its derivatives have attracted much interest because of the large-
amplitude structural changes between their cis- and trans- isomers, the reversibility of their 
transformations and the high photo-stabilities guarantee large numbers of switching cycles.
6
 As 
such the azobenzene family represents promising candidates in future molecular switches, light 
harvesting materials, photonic devices, and photo-controllable materials.
7
 They also have 
remarkable biological applications such as remotely controlling cellular functions.
8
 Designing an 
azobenzene amino acid opens the possibilities for biological incorporation of photo-switches in 
situ.
9




biology, photonic, biophysics, nonlinear optics and their diverse possible technological 
applications have been intensely investigated.
10-12
 Fluorinated azobenzene derivatives have been 
recently synthesized.  Bushuyev et al.
13
 studied fluorinated azobenzene and showed that these 
solids can directly convert visible light into mechanical motion with high isomerization 
efficiency and chemical stability under multiple isomerization cycles. Functionalizing 
azobenzene eliminates the need for employing UV light for photo-switching making it more 
thermally stable and favorable in bio-applications. Recently Gan et al.
14
 studied a series of 
fluorinated azobenzene esters and found that trans–cis isomerization occurs after 4 minutes and 
cis–trans isomerization occurred after 22 hours under the same conditions.  
 Figure 1 illustrates the cis and trans forms of 2,2',6,6'-tetrafluoro- azobenzene optimized 
at the B3LYP level of theory with a 6-311++G(d,p) basis set. Calculations using B3LYP level of 
theory with 6-311++G(d,p) basis set results in a 0.29 Debye dipole moment for trans 2,2',6,6' 
tetrafluoro-azobenzene and 5.45 Debye for the cis-form. Notice that the trans-isomer is slightly 
twisted and is not planner which is the origin of the small dipole moment. Trans- azobenzene is a 
planer molecule with zero dipole moment. The trans- 2,2',6,6' tetrafluoro-azobenzene is 0.36 eV 





Figure.4.1 Optimized structure of 2,2',6,6'-tetrafluoro-azobenzene negative ion. (a) cis isomer (b) 
trans isomer. Optimization has been done using B3LYP level of theory with 6-311++G(d,p) 




A. Synthesis of 2,2',6,6'-tetrafluoro-azobenzene  
 2,6-Difluoroaniline (662 μL, 1 g, 7.745 mmol) was dissolved in 40 mL of 
dichloromethane. Then using a mortar and pester, equal weight iron(II) sulphate heptahydrate 
and potassium permanganate (8 g total) were ground together and added into the flask. The 





Figure. 4.2. The synthesis mechanism of 2,2',6,6'-tetrafluoro-azobenzene. 
The following day the reaction was filtered through Celite and washed with dichloromethane. 
Column chromatography with 50% dichloromethane in hexanes, then dichloromethane gave 
product 2,2’,6,6’-tetrafluoro-azobenzene (113 mg, 11%). 
1
H NMR (300 MHz, CDCl3) δ: 7.45-
7.28 (m, 2H), 7.13-6.98 (m, 4H). 
13
C NMR (75 MHz, CDCl3) δ: 157.28 (d, J = 4.1 Hz), 153.82 
(d, J =4.2 Hz), 131.48 (t, J=10.5 Hz), 112.60 (dd, J=20.7, 3.4 Hz). 19F (282 MHz, CDCl3) δ: -
124.94, referenced to 2,2,2-trifluoroethanol as an external standard. (There is a minor peak due 
to a partial existence of the Z isomer of the compound.) HRMS-DART: [M]
-
, calculated for 
C12H6F4N2, 254.0467, found 254.0467. 
B. Photodetachment photoelectron spectroscopy (PD-PES) 
Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam of 
negative ions with a fixed-frequency photon beam and energy-analyzing the resultant 
photodetached electrons. It is governed by the energy-conserving relationship, h = EBE + EKE, 
where h is the photon energy, EBE is the electron binding (transition) energy, and EKE is the 
electron kinetic energy. Our anion photoelectron spectrometer, which has been described 
previously,
15 
consists of a laser vaporization anion source, a linear time-of-flight mass 




electron energy analyzer/selector, a pulsed Nd:YAG photodetachment laser (355 nm), and a 
magnetic bottle electron energy analyzer. Photoelectron spectra were calibrated against the well-
known photoelectron spectrum of Cu
-16
 Parent anions of tetrafluoro-azobenzene were generated 
in a photoemission source. Briefly, tetrafluoro-azobenzene sample powder was put into an oven 
and slightly heated to 30 
◦
C, the vaporized molecules were then extracted by a plume of helium 
gas from a pulsed gas valve (backing pressure of ~150 psi). Just outside of the orifice of the oven, 
low energy electrons were produced by ablating a rotating and translating a Cu rod with a pulsed 
Nd:YAG laser beam operating at a wavelength of 532 nm. Negatively charged anions were then 
extracted into the spectrometer prior to mass selection and photodetachment. 
 
C. Collision induced dissociation (CID): 
 Collision induced dissociation (CID) experiments are effective analytical methods based 
on mass spectroscopy to obtain important information about the thermochemical properties of 
ions. Combined with quantum chemistry computations CID experiments can be an accurate 
source of information in gas phase thermochemistry. Analysis of the energy dependence of the 
cross sections for collision-induced dissociation reactions has permitted the determination of 
quantitative thermodynamic information for a variety of ionized molecules.
17
 Collision induced 
dissociation main strengths are the relatively direct manner of obtaining bond energies from 
dissociation thresholds, its broad dynamic range, and its ability to treat a diverse set of chemical 
species.
18
 The CID experiments were carried out using an AB Sciex QSTAR Elite Hybrid 
LC/MS/MS apparatus which is a hybrid quadruple/time-of-flight mass spectrometer equipped 
with an atmospheric pressure chemical ionization (APCI) ion source. Negative ions are 




discharge. Low energy electron attachment to the molecule is followed by collisional 
stabilization in a bath gas. Anions are introduced to the instrument using nitrogen as the curtain 
gas. A major source of uncertainty here is the fact that the internal energies of the anions are not 
well characterized. A schematic of the QSTAR Elite Hybrid LC/MS/MS and the general method 
employed has been presented recently by Smith et al.
19
 in study of negative ions of p-nitroaniline. 
The sample is dissolved in methanol as a dilute solution having 2 µg/ml concentration and 
injected to the instrument with 2 µL/min rate. Negative ions are produced in the discharge region 
by low energy electron attachment followed by collisional vibrational relaxation to 
approximately the nebulizer bath temperature. The parent ion of mass m/z = 254 was transmitted 
through the first quadrupole mass spectrometer and injected into the collision cell. Argon was 
used as the neutral target gas and the collision induced dissociation experiment has been 
performed with 22, 33 and 53 micro Torr pressure in the collision cell in order to investigate the 
single collision criteria. By extrapolating the cross sections obtained for different pressures, one 
can find the cross section for ideal zero pressure conditions. The collision cell is 20.9 cm long 
and is at room temperature. The laboratory frame collision energy was varied from 0 eV to 22 eV 
in increments of 0.5 eV and data were recorded for one minute at each energy point. Analysis of 
the recorded mass spectrum was performed by using the Analyst® QS 2.0 software package. To 
convert the data from an instrument dependent ion intensity signal in an energy resolved CID 
experiment and extract the threshold energy E0 many factors such as the transition state of the 
reaction and the finite temperature of the ions and the collision cell must be considered. 










where IR is the parent ion intensity, IP is the intensity of each product ion, σtot is the total cross 
section, l is the effective collision cell length and n is the density of particles in the collision cell 




 P and T in this equation are the collision gas pressure and temperature and kB is the 
Boltzmann constant.
21
 This is valid only if there is no ion lost in the collision cell or in the path 
from the collision cell to the detector. There are several uncertainties in this regards. For example, 
there is an entrance and an exit to the cell which are connected to the turbo pumps resulting in a 
pressure profile along the collision cell length. Also, if the thin target approximation is valid, i.e. 








We used the original form for the sake of accuracy. After obtaining the total cross section we can 
convert it to obtain a cross section for each of the product ions using: 
 
 






The center-of-mass energy (energy available for the reaction) is obtained from: 
 









where mAr and mp are the mass of an Argon atom and the parent negative ion, respectively. To 
deconvolute the physical threshold energy from the experimental cross section data we utilized 
the so-called L-CID code developed by Bach et al.
22
 at the Laboratory of Organic Chemistry 
ETH Zürich. Since this is a relatively new method, a brief description is necessary. Using L-CID 
is more convenient than other conventional methods since it only uses a single effective 
frequency with a new model for the density-of-states function and eliminates the need to 
explicitly calculate the frequencies for the parent ion and the transition state. Instead of 
conventional Marquardt-Levenburg least-squares routines, L-CID utilizes a Monte Carlo 
simulation and a sophisticated genetic algorithm to fit the data. L-CID uses a physical method to 
take into account the electrostatic potential for the two collision partners and properly consider 
the centrifugal barrier which is the direct result of the conservation of angular momentum. Input 
for L-CID requires the number of degrees of freedom, the looseness or tightness of the transition, 
number of free rotors, mass and polarizability of the target gas, experimental full width at half 
maximum (FWHM) of the kinetic ion energy distribution and the cross section data as a function 
of the energy in the center of mass or the laboratory frame. 
 
Computations 
 Quantum mechanical methods, especially ab initio approaches have been widely used for 
computational thermochemistry and predicting properties of molecules and ions. The field of 
computational thermochemistry has matured to the point that for small molecules it is possible to 
predict reaction enthalpies to accuracies rivalling the best experiments.
23
 Here we used several 
density functional methods as well as high accuracy CBS-QB3 method to calculate the bond 




and the vertical detachment energy. Ground state properties of the negative ion, the neutral 
molecule and the transition state geometry optimizations and vibrational frequency calculations 
were performed using Gaussian 09.
24
 All of the molecular structures were optimized using the 
density functional method
25
, B3LYLP hybrid density functional routine and the tight 
convergence criteria for optimization and the self-consistent field, SCF, was applied. Care was 
taken to be certain in the case of transition state that there was only one negative frequency 
presents in the resulting calculations. Investigations of the thermodynamic properties of the 
aionic and neutral structures, hindered rotation and the anharmonicity correction to the 
vibrational frequencies were applied. For better accuracy of the calculated values, the 
integrations have been performed with ultrafine grid size (Int=UltraFine). The calculated zero 
point energy for each method and basis set has been scaled with the proper factor before being 
added to the total ground-state electronic energy. A transitions state search has been done using 
both Berny algorithm and QST3 approach using the STQN (Synchronous Transit-Guided Quasi-
Newton) method developed by Schlegel et al
26
 which were found to yield almost identical results. 
Photodetachment spectroscopy has been used to obtain the experimental values for these 
quantities. Ab initio calculations using high accuracy methods such as second-order Møller-
Plesset perturbation (MP2) theory or coupled clusters methods like CCSD(T) along with 
extended basis set can predict quantities such as VDE and VAE very accurately. The bond 





𝒐 (𝑴) = 𝑬(𝑴) + 𝒁𝑷𝑬(𝑴) + [𝑯𝟐𝟗𝟖(𝑴) − 𝑯𝟎(𝑴)]











 Since the anion under study is rather large, a number of density functional theory 
methods were employed to calculate the required quantities for the above relation (except for one 
CBS-QB3 theory calculation). To obtain the zero point energy we performed vibrational 
frequency calculation and the scaling factor for each level of theory and basis set has been 
acquired from standard references data source
28
 and been applied to the results. For cases in 
which we could not find the exact value for scaling factor for a particular method/basis set, we 
applied the closest available scaling factor.  
 
4.3 Results and Discussions 
A. Electron affinity measurement experiment 
 The resulted photoelectron spectrum taken with 355nm laser is shown in Figure 3. One 
can observe that the first EBE band starts from 1.3 ± 0.1 eV and peaks at 1.78 eV. If there is 
sufficient Franck-Condon overlap between the ground state of the anion and the ground state of 
the neutral and there is not much hot band signal, the threshold of the first EBE peak, 1.3 eV, 
should be the electron affinity (EA). The experimental vertical detachment energy (VDE), 






Figure. 4.3. The photoelectron spectrum of the trans-2,2',6,6'-tetrafluoro-azobenzene anion 
recorded using 355 nm laser line. 
B. Collision induced dissociation experiment: 
 Figure 4 demonstrates the experimental mass spectroscopy results for 6 and 25 eV 
translational kinetic energy in the laboratory frame. In low energy region the predominant ion is 
113 m/z peak but at higher energy the 93 and 73 m/z ions appear and their intensities grow upon 
increasing the collision energy. The suggested mechanism to form the three negative product 
ions detected in the mass spectrum can be summarized as: 
 
 [𝑪𝟏𝟐𝑯𝟔𝑭𝟒𝑵𝟐]
− + 𝑨𝒓 →   [𝑪𝟔𝑯𝟑𝑭𝟐]
− +   𝑪𝟔𝑯𝟑𝑭𝟐𝑵𝟐 + 𝑨𝒓 (6) 
       [𝐶6𝐻3𝐹2]
− + 𝐴𝑟 →   [𝐶6𝐻2𝐹]
− + 𝐻𝐹 + 𝐴𝑟 (7) 
 [𝐶6𝐻2𝐹]
− + 𝐴𝑟 →   [𝐶6𝐻]






Figure. 4.4. Collision induced dissociation mass spectroscopy results for 6 and 25 eV collision 
energies in the laboratory frame. The 254 m/z anion is isolated with the first quadrupole and the 
secondary anion masses 113, 93 and 73 m/z are detected. 
 
 The energy dependence of the ion peak intensities were initially analyzed using Analyst 
software and then converted into a relative cross section. Deconvolution of the energy resolved 
collision induced dissociation cross sections was performed using the L-CID program to fit the 
data points and find the threshold energy. Our quantum chemistry calculations showed the 
energy that it takes to produce the 93 m/z anion [𝐶6𝐻2𝐹]
− directly from the parent ion through a 
single collision is ~4.3 eV depending upon the method and the basis set. The fact that this anion 




available for the reaction to take place proves that it cannot be the result of a single collision 
interaction. Since the energy resolved collision induced dissociation theory works based on the 
fundamental assumption that the parent ion undergoes a single collision only and the L-CID and 
other available codes to deconvolute the energy resolved cross section data work based on this 
central assumption, we will not use L-CID for deconvlution and thermochemical analysis related 
to 93m/z [𝐶6𝐻2𝐹]
−as well as the 73m/z peak [𝐶6𝐻]
−. The reason that they can be detected in the 
mass spectroscopy result can be discussed considering multiple collision theory and considering 
the probability of product ion collision with Argon gas (sequential dissociation). This is possible 
since the fragment ion has enough translational energy to overcome the dissociation barrier to 
produce 93 m/z peak ion. Computations using B3LYP and 6-311++G(d,p) show that this 
reaction will take ~2.5 eV energy. Creating the 73 m/z ion from the 93 m/z product ion in a 
sequential dissociation would be easier and requires only 0.65 eV kinetic energy to take place. 
This has been calculated using B3LYP level of theory with 6-311++G(d,p) basis set. This can 
explain the resemblance of the cross section data for the 93 m/z and 73 m/z peaks. Thus we will 
only focus on the 113 m/z peak in order to obtain the bond dissociation enthalpy for breaking the 
C-N bond yielding the [𝐶6𝐻3𝐹2]
− anion and assumed [𝐶6𝐻3𝐹2𝑁2] fragment. The experimental 
threshold dissociation energy, E0, for for [𝐶6𝐻3𝐹2]







 for the α' parameter of the L-CID program. α' is the structure 
related parameter with the dimension of energy (cm
-1
) which is being set by the program and is 
different for loose and tight transitions. Here it is assumed that the frequencies would not change 
much going from the starting anion to the transition state for large anions which is fair to assume 
for this anion. Quantum chemistry computations and mass spectroscopy results have proved that 




qualifies as loose. Figure 5 shows the cross section data for the 113 m/z anion [𝐶6𝐻3𝐹2]
− as a 
function of center of mass energy and the fit generated by the L-CID program. The bond 
dissociation energy resulted from this fitting, 1.88 eV, is in close agreement with the 
computational result of 1.93 eV (CBS-QB3 method) as will be explained in details in 
computational results section. 
 
Figure.4.5 Experimental cross section (open circles) for the [𝐶6𝐻3𝐹2]
− product ion as a function 
of the energy in center of mass frame. The dashed line is the fit generated by the L-CID program. 
 
 Figure 6 presents the experimental cross sections for 93 and 73 m/z peaks. The threshold 
energy for generating these two ions are close (~ 0.65 eV in center of mass frame). 
Computational results which will be discussed in next section provide more insight into 






Figure. 4.6. Experimental cross sections for collision-induced dissociation as a function of 
kinetic energy in the center of mass frame. These ions are the result of sequential dissociation of 
HF from [𝐶6𝐻3𝐹2]
− into (a) 93 m/z peak [𝐶6𝐻2𝐹]
− (b) 73 m/z peak [𝐶6𝐻]
−. 
 
 As we discussed before since the presence of [𝐶6𝐻2𝐹]
− and [𝐶6𝐻]
− ions are not believed 
to result from single collision reactions, we are not analyzing the experimental cross section data 
related to those anions. Instead we present the bond dissociation energies for the reactions 
suggested to be reasonable for their production which are the calculated values using high level 
calculations. The 73 m/z peak, [𝐶6𝐻]
−, which showed up in the spectrum at laboratory energies 
more than 25 eV is an especially interesting anion especially since it and other 𝐶𝑛𝐻
− anions 
represents the first negative ion observed in the interstellar medium. McCarthy et al.
29
 described 
the detection of [𝐶6𝐻]
−  in the radio band in the laboratory and has been identified in the 




formation mechanism for this anion have been proposed previously and that includes (1) 





C. Quantum Chemical Computations 
 The Gaussian 09 quantum chemistry code has been used for the ab initio calculations 
including optimizations, thermochemistry and electron affinity analysis. Calculations using 
B3LYP level of theory along with 6-311++G(d,p) basis set showed 2,2',6,6'-tetrafluoro-
azobenzene can exist in the cis- and trans-form which are 0.36 eV different in the ground state 
energy which means thermodynamically the trans form is more stable. We experimentally 
verified that by radiating the sample in acetonitrile for about half an hour using a high power 
green LED and the NMR results showed the radiated sample is mostly (more than 90%) in the 
cis- form using NMR analysis. Table I summarizes the calculated bond dissociation energy for 
the trans-2,2',6,6'-tetrafluoro-azobenzene anion at 298 K. The total electronic energy and the 
thermochemistry data have been obtained from optimization calculation followed by a frequency 
calculation and care has been taken to have no any imaginary frequency in the output results. 
The SCF (self-consistent field) process has been performed with tight convergence criteria and 
the thermal correction to the enthalpy at 298 K plus the scaled zero point energy has been added 
to the total electronic energy. CBS methodology performs better than density functional methods 





Table 4.1. Theoretical Bond Dissociation Energies 
(BDE) summary for cleaving the C-N bond which 
yields the 113 m/z ion, calculated for 298 K using 
different methods and basis sets. 






















Experiment 1.88 ± 0.2 
 
 
 We can infer from these computational results that CBS-QB3 method outcome is in 
excellent agreement with the experimental result, however given the estimated experimental 
uncertainty most of the calculations are compatible with experiment. Notice that the M06-2X 
global hybrid density functional theory method performs reasonably well in calculating BDE 
even though a large basis set was not employed. These results suggest M06-2X method is more 
accurate than B3LYP for thermochemical analysis. This is interesting since M06-2X does not 
require as much computational time as other more accurate methods such as GX or W1BD. Also 
wB97XD seems to perform well in calculating the bond dissociation energy in this case. Also it 
is clear to see that the density functional method like B3LYP results are not very sensitive to the 
basis set size. Table II presents the computational results for the vertical detachment energy, 
adiabatic electron affinity and the vertical electron affinity for the trans-2,2',6,6'-tetrafluoro-
azobenzene anion. B3LYP method along with the 6-311++G(d,p) Pople basis set yields 1.67 eV 
for the adiabatic and 1.28 eV for the vertical electron affinity which is in reasonable agreement 
with experiment. The method to calculate the adiabatic and vertical molecular electron affinities 
and also the vertical detachment energy is explained before. In all of the calculations we 
optimized the geometry with tight criteria and vibrational frequency analysis has been done to 
find the ZPE except for the MP2 calculation in which we used the B3LYP/6-311++G(2d,2p) 




Table 4.2. Summary of adiabatic electron affinity, vertical detachment energy, 
vertical electron affinity and the dipole moment for the neutral molecule and also 
the parent ion. 






B3LYP/6-31+G(d) 1.75  1.61 1.25      0.27      0.30 
B3LYP/6-311+G(d)    1.80 1.65 1.27 0.29 0.34 
B3LYP/6-311++G(d)    1.80 1.66 1.27 0.26 0 
B3LYP/6-311++G(d,p)    1.82 1.67 1.28 0.29 0.35 
B3LYP/6-
311++G(2d,2p) 
   1.77 1.63 1.24 0.27 0 
B3LYP/6-
311++G(3df,3pd) 
   1.76 1.62 1.24 0.26 0 
B3LYP/LanL2DZ    1.88      1.73      1.38      0.33      0.49 
B3LYP/aug-cc-pVDZ    1.79 1.65 1.29 0.24 0 
M06/6-311++G(d,p)    1.84 1.66 1.27 0.25 0.38 
M06L/6-311++G(d,p)    1.68 1.56 1.24 0.34 0.45 
M062X/6-311++G(d,p)    1.80 1.57 1.10 0.20 0 
wB97/6-311++G(d,p)    1.81 1.50 0.91 0.20 0 
wB97X/6-311++G(d,p)    1.78 1.50 0.95 0.22 0 
wB97XD/6-311++G(d,p)    1.74 1.50 1.00 0.26 0 






   2.36 









Experimental  1.78 1.3±0.1 - - - 
 
 In Table III we summarized the bond dissociation energies at 298 K based on the suggest 
mechanisms to create the other ions through a sequential dissociation from the primary product 
ion, [C6H3F2]
− , and their dipole moments. The studied ions have been optimized with tight 
convergence criteria using aug-cc-pVTZ as the basis set and the ZPE was included. BDEs are in 
electron volt and the dipole moments are in Debye.  
 
 
Table 4.3 summary of the product ions properties and the bond dissociation 
energies to yield (1) [𝐂𝟔𝐇𝟐𝐅]
− and (2) [𝐂𝟔𝐇]
− product anions. BDEs are in 
electron volts unit and the dipole moments in Debye. 
 
Method/basis set BDE (1) BDE (2) 113 m/z Dipole 
Moment (D) 





2.52 0.64 4.86 
2.64 1.15 
0.78 
                4.97                4.02 
2.54 5.28 4.01 




 Calculations using B3LYP level of theory along with 6-311++G(2d,2p) basis set yields 
0.99 eV, 1.94 eV and 1.47 eV for the vertical electron affinity, vertical detachment energy and 
the adiabatic electron affinity for the cis-form of 2,2',6,6'-tetrafluoro-azobenzene. Table IV is 
comparing the results for the cis- and trans-form VDE, AEA and VEA from B3LYP/6-
311++G(2d,2p) level of theory computations. Notice that the neutral cis-2,2',6,6'-tetrafluoro-
azobenzene has a large dipole moment which makes it possible to form a dipole bound anion as 
well as a valance bound anion  
Table 4.4  Vertical detachment energy, 
adiabatic electron affinity and vertical 
electron affinity for cis vs trans form of 
2,2',6,6'-tetrafluoro-azobenzene. Energies 
are in eV unit and Dipole moment is in 
Debye. 
Conformer VDE AEA VEA Dipole 
Cis 1.94 1.47 0.99 5.18 




 Ab initio calculations as well as collision induced dissociation and photoelectron 
spectroscopy experiments have been utilized to study 2,2',6,6'-tetrafluoro-azobenzene and its 
anion. Atmospheric pressure chemical ionization and thermal electron attachment was used to 
produce the parent [𝐶12𝐻6𝑁2𝐹4]
−  negative ion allowing collision induced dissociation and 




yield ~1.6 eV for the adiabatic electron affinity and ~1.8 eV for the vertical detachment energy. 
Photoelectron spectroscopy results for the measured AEA is 1.3 ± 0.1 eV and VDE value is 1.78 
± 0.1 eV for the spectra taken with 355 nm laser wavelengths. The measured adiabatic electron 
affinity 1.3-1.4 eV is in reasonable agreement with our calculated value of ~1.6 eV. Collision 
induced dissociation of the parent anion [𝐶12𝐻6𝑁2𝐹4]
−  yields the fragment ion [𝐶6𝐻3𝐹2]
− , 
breakage of a CN bond. The calculated value for the bond dissociation energy for the CN bond 
cleavage using CBS-QB3 is 1.93 eV at 298 K which is in agreement with an experimental 
dissociation energy of 1.88 ± 0.2 eV from collision induced dissociation threshold measurement. 
The existence of [𝐶6𝐻]
− in our mass spectrum is attributed to subsequent losses of HF from the 
primary dissociation fragment, [𝐶6𝐻3𝐹2]
−. This interesting anion was the first negative ion to be 
detected in the interstellar medium. 
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Chapter 5. Electron-Induced Proton Transfer in 2-Hydroxypyridine Dimer: 
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Anion photoelectron spectroscopic and theoretical studies on the dimer anion of (2-
hydroxypyridine)2
-
 are reported. The experimentally measured vertical detachment energy (VDE) 
is 1.21eV, which compares well with the theoretically predicted values using density functional 
theory calculations. Experimental and theoretical findings confirm that the proposed 









5.1 Introduction  
 Electron-induced proton transfer occurs in many biologically related reactions. When 
low-energy electrons are produced by ionization as a result of high-energy radiation, the excess 
electron is likely to attach onto a DNA base pair leading to barrier-free proton transfer. Such a 
process has been suggested as the key step in DNA tautomerization and considered to be the 
cause of damage to DNA molecules in cells[1-4].  
 In 2012, Gerardi et al. conducted photoelectron spectroscopic study on formic acid dimer 
anions, aiming to investigate the mechanism of DNA damage by electron induced proton transfer. 
They found electron attachment induced the proton transfers in the cyclic, multiple H-bonding 
motif found in DNA base pairs. Theoretical and spectroscopic studies show that the proton 
transfer process results in the formation of a formate anion and a dihydroxymethyl radical linked 
by two hydrogen bonds. The single occupied molecular orbital shows that the excess electron is 
delocalized in the conjugated π orbitals on dihydroxymethyl radical.  
 The 2-hydroxypyridine dimer had been studied both experimentally and theoretically, 
due to its structural similarity to DNA base pairs. More than a decade ago, Borst et al. conducted 
an ultraviolet and infrared spectroscopic study on hydrogen bonding in the 2-hydroxypyridine 
dimer and proposed an excited state double proton transfer tautomerization. They found that 
double proton tunnelling occurs only in excited states (S1-S0) [9]. However, no evidence shows 
proton transfer as neutral ground state experimentally. 
 Other spectroscopic studies performed on the neutral and cationic forms of 2-
hydroxypyridine include ultra-violet and infrared [9], NMR[10], microwave[11], Zero Electron 
Kinetic Energy (ZEKE)[12] and time-resolved spectroscopy[13]. The geometries, vibrational 




Moller-Plesset perturbation theory. Both experimental and theoretical work on the negatively 
charged 2-hydroxypyridine are scarce.  
 Here we present the negative ion photoelectron spectroscopic study of the 2-
hydroypyridine dimer. The vertical detachment energy of the 2-hydroypyridine dimer anion 
obtained from the photoelectron spectrum is 1.21eV. Geometry and energy calculations on 
different 2-hydroxypyridine tautomers were studied utilizing density functional theory, which 
supported our experimental results very well. The theoretical calculations also supported our 
proposed electron induced proton transfer process, and indeed, no proton transfer occurred as the 
neutral dimer which agrees with literature results[9]. 
 
5.2 Experimental Methods 
 
 Negative ion photoelectron spectroscopy is conducted by crossing a mass-selected beam 
of negative ions with a fixed-frequency beam of photons and energy-analyzing the resultant 
photodetached electrons. This technique is based on the energy conserving relationship, hν = 
EKE + EBE, where EKE is electron kinetic energy, EBE is electron binding energy, and hν is the 
photon energy. In the present experiment, negative ions were formed in a supersonic expansion 
nozzle-ion source. There, the 2-hydroxypyridine was placed in a stagnation chamber, heated to 
40-50 
o
C, and co-expanded with 2-3 atm of argon gas through a 23 μm orifice into a 10
-4
 torr 
vaccum. A hot, negatively biased thoriated iridium filament injected low energy electrons, in the 
presence of a weak magnetic field, into the resulting gas expansion, producing negative ions. 




magnetic sector mass spectrometer with a typical mass resolution of 400. The mass-selected 
anions of interest were then crossed with the intracavity laser beam of an argon ion laser, 
operating at 2.54 eV/photon (488 nm), and the resulting photodetached electrons then energy 
analyzed in a hemispherical electron energy analyzer with a typical resolution of 25 meV. 
Photoelectron spectra of the 2-hydroxypyridine anions were calibrated against the well-known 
spectrum of O
−
. A detailed description of our apparatus has been given elsewhere [19]. 
 
Computational Methods 
 Density functional theory (DFT) calculations of the 2-hydroxypyridine neutral and anion 
were performed by applying the wb97xd[20] functional using the Gaussian09 software package 
[21]. The geometries of anions and their corresponding neutrals were fully optimized using the 
6-31+G (p,d) basis set [22-23]. The electronic energies were then improved by single–point 
calculations using the 6-311++G(3d,3pd) basis set at optimized geometries[24]. The highest 
occupied molecular orbital (HOMO) of the relaxed anion was generated in GaussView. 
5.3 Results and Discussion 
  
 The photoelectron spectrum of the 2-hydroxypyridine dimer is shown in Figure.1. The 
intensity maximum in the photoelectron spectrum gives the experimental VDE, which is 1.21eV. 
In comparison with dipole bond anion PES, which features a narrow sharp peak at low electron 
binding energy, typically under 0.5eV[25], the relatively large VDE indicates that under these 
experimental conditions, a stable valence dimer anion is produced.  Our previous studies on 




are the result of an electron-induced proton transfer process. The excess electron resides in the π* 
orbital of the neutral proton transferred radical[2-4, 25-27]. The resultant radical interacts with 
its deprotonated counterpart. The experimental PES, along with the theoretical results show that 
proton transfer occurs within the 2-hydroxypyridine dimer. 
 Since 2-hydroxypyridine exists in two tautomeric forms, we carried out DFT calculations 
on geometries of three possible tautomers of the 2-hydroxypyridine dimer, both anions and 
neutrals (see Figure.2). The calculated absolute energies, bond lengths, and VDEs are tabulated 
in Table.1.  The geometry optimizations of all three dimer neutrals indicate that none of them 
undergo the proton transfer process. However, all three dimer anions clearly undergo the proton 
transfer process, resulting in a newly formed O-H bond. Calculated bond lengths of the newly 
formed O-H bond in each anion are 1.174 Å and 1.178 Å, comparable with a typical O-H bond 
length of 0.96Å, which suggests that the proton is successfully transferred. It is worth noticing 





 have the exact same structure (1a in Figure.2). A possible double proton transfer 
pathway can be implied due to the fact that the electron attachment on (2-hydroxypyridine)2 and 
(2-pyridone)2 result in the same anion structure. The hypothetical process can be: 1. the electron 
attaches onto either (2-hydroxypyridine)2 or (2-pyridone)2 to make the dimer anion; 2. the 
electron is detached from the anion and forms the neutral dimer. Since the two neutral tautomers 
have similar energy, the electron detachment may result in either one of the neutral dimers. Thus, 
a double proton transfer process may take place. Comparing the absolute energy of 1a and 2a, we 
noticed that 1a is slightly energy favored. That might be due to the repulsion between the two 




 The 2-hydroxypyridine – 2-pyridone tautomerization given in scheme 1, favors the 2-
hydroxypyridine (lactim) in the gas phase; 2-hydroxypyridine, and its tautomer 2-pyrinone, is a 
classic case of lactum-lactim tautomerization(See scheme). The tautomeric mechanism has long 
been of interest to chemists[5-7]. It exists in two tautomeric forms, 2-hydroxypyridine (lactim 
form), and 2-pyridone (lactam form). In the gas phase, the lactim form is slightly energy 
favoured while in polar solvents, the lactam form dominates[8].  If one views the polar solvent as 
being a second 2-hydroxypyridine molecule (now a dimer system) one expects that the 2-
pyridone form of the neutral dimer, 2n should be favored over the 2-hydroxypyridine dimer form, 
1n. We see very little difference in energy for these two forms and conclude that perhaps self-
solvation with only one additional molecule (to make the dimer) is not enough to cause the 
expected solvent effect.  Studies of larger homogenous clusters or other polar solvents (e.g. water) 
could be conducted to potentially monitor the preference of the lactam vs. lactim form as number 
of solvent molecules increase. The VDEs of 1a and 2a are found to be very close, 1.15eV and 
1.20eV respectively. Figure.3 shows the HOMO of relaxed anions 1a, indicating the excess 
electron is delocalized in the π∗ anti-bonding orbital of the protonated neutral parents, which is 




 The photoelectron spectrum of the 2-hydroxypyridine dimer anion was recorded utilizing 
a 2.540eV photon laser. The VDE was determined to be 1.21eV-which agreed excellently with 
both of our calculated VDEs of the two tautomers using the DFT method. The intermolecular 




calculated geometry. A possible double proton transfer mechanism was proposed and can be 
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Figure 5.1: The measured photoelectron spectrum of the (2-hydroxypyridine)2
-
 anion recorded 












Figure 5.2: Electron-induced proton transfer in three 2-hydroxypyridine dimer tautomers: 
neutral 2-hydroxypyridine dimer, 2-pyridone dimer and 2-hydroxypyridine-2-pyridone dimer are 












Table.5. 1: Calculated and experimental vertical detachment energies, absolute 











1n -647.0358918    
1a -647.0782765 1.15 1.21 1.174 
2n -647.0358923    
1a -647.0782765 1.15  1.174 
3n -647.0335289    
2a -647.0777499 1.20  1.178 
 
 








Figure 5.3: The highest occupied molecular orbital (HOMO) of the ground state of the 
(2-hydroxypyridine)2
-
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Abstract 
 The transfer of a proton from water to explicitly solvated N-heterocyclic azabenzene 
bases is induced by the addition of an excess electron and studied here using photoelectron 
spectroscopy and computational chemistry. The onset of proton transfer requires a different 
number of solvated water molecules, depending upon the number of nitrogen atoms and their 
positions in the conjugated ring. In the case of s-triazine (C3H3N3), which has a positive electron 
affinity, proton transfer is not energetically favored or observed experimentally.  Heterocyclic 
rings with only 1 or 2 nitrogen atoms have negative electron affinities, but the addition of 
solvating water molecules can yield stable negative ions.  In the case of the diazines (C4H4N2) 
pyrazine, pyrimidine, and pyridazine, the addition of one water molecule stabilizes a negative ion 
significantly extended into the hydrogen bonded water network. Pyridine (C5H5N), with the most 
negative electron affinity, requires three water molecules to stabilize a negative ion. Although 
our computations suggest proton transfer is energetically viable when at least three water 
molecules are present in these clusters, it is not observed experimentally in the triazine nor 




three water molecules are present.  Pyridine clusters containing four or more water molecules 
almost exclusively exhibit proton transfer and subsequent solvated hydroxide ions. Employing a 
previously developed hydration extrapolation technique we also determine the electron affinities 







     Subtle noncovalent interactions between nitrogen containing heterocyclic molecular 
building blocks such as the azabenzenes, shown in Figure 1, and hydrogen bonded aqueous 
environments play important roles in both biological structure and function. Such interactions are 
essential for macromolecular assembly from the DNA double helix comprised of nucleotides to 
the folding of proteins.
1-7
 The interactions between water and ions are involved in important 
biochemical processes, aqueous electrolyte chemistry and atmospheric chemistry.
8-10
 Such 
hydrogen bonded networks have been studied at the nanoscopic level for decades to understand 
such interactions.
11,12
 The addition of an excess electron to these systems alters the energetic 
landscape and here we explore how noncovalent interactions are adjusted with respect to 












Figure 6.1: The five N-heterocyclic azabenzene anions in this study: s-triazine (Tz), pyridazine 






















   In 1975, Nenner and coworkers employed electron transmission spectroscopy and 
polarography to compare the electron affinity (EA) of benzene to isoelectronic azabenzenes 
(Figure 1). The EA of benzene (‒1.15 eV) was reported to be much more negative than that of 
pyridine (‒0.62 eV) and the EAs of the diazines were closely approaching zero.
13
 Periquet et al. 
showed that pyridine, along with all of the diazines, have negative electron affinities but that the 
addition of water molecules stabilized their negative ions.
14
 We recently confirmed that the 
pyrimidine anion was unstable with respect to autodetachment but the addition of a single water 
molecule stabilized the Pm negative ion.
15
 Negative ion photoelectron spectroscopy has 
previously estimated the EA of Py to be between ‒0.67 eV and ‒0.15 eV, Pz to be ‒0.01 eV, and 
s-trazine to have a positive EA of +0.03 eV.
16-18
 The azabenzene series has also shown 
interesting “associative” bond formation to CO2 upon electron attachment.
19,20
   
      Here, we explore the effects of sequential hydration of the azabenzenes on the ability of 
these molecules’ to accommodate an excess electron. In a combined photoelectron spectroscopic 
and computational study, we quantify the electron affinities of the azabenzenes using a 
previously developed hydration extrapolation
15
 and explore the onset of proton transfer to create 
solvated hydroxide ions as a function of the number of solvated water molecules.  This 
investigation focuses on the energetic favorability of proton transfer based the position of 
nitrogen atoms in hydrated azabenzene anion clusters 
6.2 Experimental Details 
 Mass selected negative ions were crossed with a fixed energy photon beam resulting in 
photodetached electrons that were analyzed using a magnetic-bottle photoelectron spectrometer 
(resolution ~30 meV) as described previously.
21-24




on energy, the electron 
binding energy (transition energy), and the electron kinetic energy, respectively. In the 
supersonic expansion, individual azabenzene and water molecules were co-expanded with argon 
to create hydrated cluster anions. 
6.3 Computational Details 
 A similar computational approach from our previous study has been employed using the 
Gaussian09 software package to perform full geometry optimizations as well as harmonic 
frequency calculations.
25
 A hybrid meta-GGA functional, M06-2X,
26-28
 was employed for the 
hydrated azabenzene anions to compare relative energetics as well as compute vertical 
detachment energy (VDE).  Pure angular momentum (5d,7f) atomic orbital basis functions along 
with a pruned numerical integration grid composed of 99 radial shells and 590 angular points per 
shell was employed. All electronic structure methods utilized a Popel-style double-ζ basis set, 6-




 structures were taken as starting 
geometries for all of the hydrated azabenzene series. Additional starting geometries were 
generated by attaching an azabenzene molecule to a free hydrogen atom from known water 
cluster geometries
30-36
 and hydrated electron clusters. 
37-49
 Though not an exhaustive 
conformational search, this study identifies low energy structures that should be close to the 
global minimum. VDEs were calculated as the difference between the optimized electronic 
energy of the anion and that of the corresponding neutral species with identical geometry. A 
previously developed solvent polarized continuum model (PCM) linear extrapolation
50
 revealed 
that the ordering of the electron affinities are as followed: pyridine (1) > pyrimidine (1,3) > 




6.4 Experimental Results 
 Figure 2 shows the photoelectron spectra (PES) of the first four solvated cluster anions 
for each of the azabenzene molecules studied here. Additional experimental photoelectron 
spectra are included in the Supporting Information.  Broad spectral features are typical of such 
hydrated valence anions and their EAs also tend to increase with each sequential hydration, 
A
‒




 We recently reported PES of the hydrated pyrimidine 
series for n = 1-8 and have included those results here for comparison. 
15




















∙(H2O)n,where n = 1 – 4.   
 
4.1 Hydrated s-Triazine Anions 
Electron Binding Energy (eV) 
s-Triazine (1,3,5) Pyridazine (1,2) Pyrimidine (1,3) Pyrazine (1,4) Pyridine 
n = 1 n = 1 n = 1 n = 1 n = 3 
n = 4 
n = 5 
n = 6 
n = 2 n = 2 n = 2 n = 2 
n = 3 n = 3 n = 3 n = 3 





 S-Triazine anion, Tz
‒
, is the only isolated azabenzene considered here that exhibits a 
stable bound state with respect to autodetachment. Kim et al. previously reported the gas phase 
photoelectron spectrum of the Tz molecular anion and examined the effects of Jahn-Teller 
distortion via indirect evidence of asymmetric charge distribution. The assigned electron affinity 
was described to be 0.03 eV.
17
 The photoelectron spectra of the hydrated Tz cluster anion series 
is shown in Figure 3A. The experimental VDE for n = 1 is 0.68 eV. The VDEs are observed to 
increase continuously with hydration and are 1.01 eV, 1.41 eV, 1.69 eV, 1.89 eV, and 2.09 eV, 
for n = 2 – 6, respectively. 
4.2 Hydrated Pyridazine, Pyrimidine, and Pyrazine Anions 
 Pyridazine is the diazine derivative of pyridine with the second nitrogen atom in the 
ortho- position (i.e. 1,2 diazine). The electron affinity of the Pd molecular anion has been 
speculated to be slightly negative. 
13
 With the addition of a single water molecule and the 
monohydrated cluster anion is stabilized and exhibits a VDE of 0.53 eV.  Addition of subsequent 
water molecules leads to VDEs of 0.93 eV, 1.27 eV, and 1.53 eV for n=2–4, respectively.   
      We previously reported PES of the hydrated pyrimidine series up to n = 8 and have 
included those results here for comparison. The VDEs of the hydrated pyrimidine anion series 
are 0.42 eV, 0.78 eV, 1.11 eV, 1.34 eV, 1.58 eV, and 1.62 eV, respectively, while the 
extrapolated electron affinity of the pyrimidine monomer was reported to be 0.2 eV.  
   Pz is another derivative of Py with the second nitrogen atom in the para- or 1,4 position 
of the heterocycle (see Figure 1). Kim et al. previously estimated the EA of pyrazine to be -0.01 
± 0.01 eV using a sequential argon extrapolation.
18




series is shown in Figure 3 and results in experimental VDEs of 0.66 eV, 1.05 eV, 1.32 eV, and 
1.60 eV for n=1-4, respectively. 
4.3 Hydrated Pyridine Anions 
 The experimental photoelectron spectra of hydrated pyridine cluster anions are shown in 
Figure 3. The [A∙(H2O)n]
‒
, n = 1,2, clusters are unstable in the gas phase with respect to 
autodetachment.  The PES for n=3 exhibits two broad overlapping features with a smaller peak 
centered at 0.88 eV and a larger feature centered at 1.56 eV.  PES for n=4-6 each exhibit a single 








Figure 6.3: Photoelectron spectra of the first four stable hydrated azabenzene anion clusters: 
[Py∙(H2O)n]
–
,where n = 3 – 6.   
 
Electron Binding Energy (eV) 
s-Triazine (1,3,5) Pyridazine (1,2) Pyrimidine (1,3) Pyrazine(1,4) Pyridine 
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n = 4 
n = 5 
n = 6 
n = 2 n = 2 n = 2 n = 2 
n = 3 n = 3 n = 3 n = 3 





6.5 Theoretical Results 
 Over 80 hydrated cluster anion structures for the selected azabenzene series that 
corresponds to minima (no imaginary frequencies) were characterized and are included in the 
Supporting Information.  The low-energy structures identified in this calibrated DFT procedure
53
 
exhibits two solvation motifs. The identified lowest energy structures for the di- and triazine 
heterocycles display a motif in which an extended hydrogen bonded network is formed where 
water molecules interact with a single nitrogen atom of the azabenzene for anion clusters where 
n ≥ 2.  These structures are characterized by the majority of the excess electron density residing 
network. Clusters exhibiting this structural motif are indicated by A
‒
∙(H2O)n (A = Tz, Pd, Pm, Pz, 
Py) and are the lowest energy structures for Tz, Pz, Pm, and Pd, which are shown in Figure 4.  
 
 

























∙(H2O)n for n=1-4. 
 
 Starting with n = 3 in Py and Pd (n = 4 in Pm, Pz, and Tz), another type of low-energy 
structure emerges in where a proton from a water molecule transfers to the azabenzene effective 
creating an ion complex [AH∙OH]
‒
.  This structural motif is denoted by [AH∙OH]
‒
∙(H2O)n-1.  In 
the case of Py, the lowest energy structures for each cluster size for n ≥ 3 exhibit proton transfer.  
These are shown in Figure 5 with Py
‒
∙(H2O)3 included for comparison.  In the other azabenzenes, 



















5.1 Hydrated s-Triazine Anions 
  The heterocycle s-triazine is the only isolated azabenzene anion in this study that has a 




electron lowers the symmetry of s-triazine from D3h to C2v due to Jahn-Teller distortions. Since 
the anion and neutral species are nearly isoenergetic, the addition of a single water molecule can 
further stabilize the excess electron for structural assessment as well as understand binding 
motifs and charge localization in hydrated azabenzene anions. The Tz
‒
∙(H2O)n=1-6 have calculated 
VDEs of 0.74 eV, 1.16 eV, 1.45 eV, 1.50 eV, 1.87 eV, and 2.09 eV respectively. Relative 
energetics suggests that water molecules prefer to interact cohesively instead of binding to the 
heterocycle at multiple sites. 
 
5.2 Hydrated Pyridazine, Pyrimidine, and Pyrazine Anions 
 For the hydrated diazine series, the position of the two nitrogen atoms plays an important 
role in the solvation of the anion with each sequential hydration. Unlike the stable Tz cluster 
anion, all three of the diazine (Pd, Pm and Pz) monomeric anions are unstable with respect to 
autodetachment of the excess electron.  However, with the addition of a single water molecule, 
the energy of the hydrated cluster anion becomes lower than that of the corresponding neutral 
molecular cluster.  Only one structure for each of the monohydrated diazines, A
‒
∙(H2O) was 
found, with computed VDEs of 0.61 eV, 0.59 eV, and 0.69 eV for Pd, Pm and Pz, respectively at 
the M06-2X/6-31++G(d,p) level of theory. Stepwise hydration of each negatively charged 
diazine, A
‒
∙(H2O)n, results in increasing VDEs.  Interestingly, the hydrated Pm cluster anions, 
Pm
‒
∙(H2O)n, have lower computed VDEs than those of the hydrated Pz and Pd cluster anions for 
the same value of n. Structures exhibiting proton transfer have computed VDEs up to 0.7 eV 
higher in energy than the VDEs of analogous cluster anions of the same size not exhibiting 
proton transfer.  However, structures displaying proton transfer from a hydrogen bonded water 




5.3 Hydrated Pyridine Anions 
 Dozens of low-lying minimum energy structures were identified for the negatively 
charged hydrated pyridine series, and many of them exhibit proton transfer. For n=3, even 
though the lowest energy structure exhibits proton transfer (shown in Figure 4), a structure only 
0.08 kcal/mole higher in energy (Py
‒
∙(H2O)3, shown in Figure 4) does not.  For n=4-6, the lowest 
energy structures possess a transferred proton from a water molecule and have VDEs of 1.67 eV, 
1.87 eV, and 2.07 eV, respectively.  These are shown in Figure 5.  The corresponding lowest 
energy structures with intact water molecules lie at least 1 kcal mol
-1
 higher in energy and have 
computed VDEs of 1.13 eV, 1.33 eV, and 1.51 eV, respectively. For structures exhibiting proton 
transfer, only a single deprotonated water molecule interacts directly with the heterocycle. As for 
the water molecules, a hydrogen-bonded network is formed around the deprotonated water 
molecule. 
6.6Discussion 
6.1 Assignment of Experimental PES Features 
 The combination of negative ion photoelectron spectroscopy with density functional 
theory provides insight into the important molecular interactions at play in negatively charged 
cluster anions.  In the case of the N-heterocyclic molecular anion clusters studied here, two types 
of structural motifs are theoretically predicted to result with the attachment of an excess electron.  





∙(H2O)n results.  A secondary phenomenon involves the transfer of a proton from solvent to 




∙(H2O)n-1.  Table I summarizes the experimental and 




lowest energy isomers not exhibiting proton transfer, A
‒
∙(H2O)n, and experiment is better than 
the proton transfer structures, [AH∙OH]
‒
∙(H2O)n-1, for Tz, Pd, Pm, and Pz.  This suggests that 
proton transfer is not occurring in these systems experimentally.  In the case of n=3 for Py, 
however, the same comparison indicates both structural motifs are likely present experimentally. 
For the Py systems with n > 3, VDE data suggests that only structures exhibiting proton transfer, 
[PyH∙OH]
‒
∙(H2O)n-1, are present experimentally. 





∙(H2O)n-1 (A = Tz, Pd, Pm, Pz, and Py), the energy difference (in 
kcal mol
-1
) between these isomers, and experimental EAs and VDEs. 
   Theoretical   Experimental 
       n   A
‒








EA   VDE 













































       6  2.09   2.84   1.40   1.51   2.09 
































































































       6  1.64   2.42   0.00   1.45   1.62 













































       6  2.21   2.75   -0.13    ---   --- 













































       6  1.51   2.07   1.96   1.61   2.18 
 
6.2 Role of Symmetry 
 S-trazine is the only negatively-charged azabenzene in this study that is stable with 
respect to autodetachment. The electron affinity was previously reported to be 0.03 eV by Kim 
and coworkers in 2003.
17




symmetry neutral s-triazine (D3h) to the reduced symmetry anion (C2v).  A nascent Jahn-Teller 
distortion has also been recently reported with buckminsterfullerene, C60, with addition of an 
excess electron perturbing the electronic structure.
54-59
 This structural change transforms a 
number of chemical properties including but not limited to electron affinity, vertical detachment 
energy, electronic state, charge distribution, and relative energetics between isomers.  
 The diazines (Pd, Pm, Pz) maintain symmetric geometry of the neutral state upon excess 
electron attachment. The 1,4 diazine monomer has D2h symmetry in the neutral state where both 
the 1,3 and 1,2 diazine monomers have C2v.  The diazine monomeric symmetry is not altered 
upon sequential addition of water molecules. Wen et al. suggest that “spherically symmetric” 
solvents allow for potential energy surfaces to be less affected by solvation, but in our case, 
water is an asymmetric solvents containing a charge anisotropy giving rise to highly directional 
noncovalent interactions.
60
 It is interesting to point out that pyridazine molecule has neighboring 
nitrogen atoms in the ring and also theoretically requires only three water molecules to exhibit 
proton transfer. The quantitative comparison of theory to experiment strongly suggests that 
proton transfer does not occur in this system. The computed VDEs of the negatively charged 
clusters that do not exhibit proton transfer agree well with the experiment.  
6.3 Extrapolation of the Electron Affinities of the Azabenzenes 
 Tz is the only azabenzene considered here that exhibits a stable valence bound anion with 
respect to autodetachment and has a reported EA of 0.03 eV.
17
 We recently used the 
experimental EAs of the negatively charged hydrated Pm series to extrapolate an EA of -0.2 eV 
for Pm.
15
 This value agrees very well with the earlier electron transmission spectroscopy 
measurement of -0.25 eV.  A similar extrapolation for Pd, Pz, and Py using the experimental EAs 




of the pyridine monomer is in agreement with the previously measured electron transmission 




 Several theoretical studies, including Reimers and Cai, depicted neutral hydrated 
azabenzene clusters exhibiting proton coupled electron transfer (PCET) in low-lying electronic 




 Here, PES elucidates the “linear” hydrogen-bonding motif that 
is mentioned by Reimers as the dominant monohydrate for all stable azabenzene anions. The 
PCET monohydrated azines were not present in experimental photoelectron spectra for the 
corresponding negative ion. Upon sequential hydration, select heterocycles exhibited a shifted 
higher energy electron binding energy due to PCET. Our technique used in characterizing charge 
transfer for the hydrated azabenzene anions has been well established and accepted in the field of 
photoelectron spectroscopy.
51,52,64-72
   
 The addition of three water molecules is needed to stabilize an excess electron for the 
pyridine anion due to its more negative electron affinity.  Interestingly, the proton transfer 
species that create a ion complex that maximizes the number of hydrogen bonded water 
molecules and closely resemble structures previously described by Kim and coworkers.
5
 When 
two nitrogen atoms are present, the stabilization effects of only a single water molecule results in 
a positive electron affinity.   
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Appendix I Updated Bleeding Procedure of Ultra-High Vacuum Chambers 
Mechanical Pump and Sorption Pump Preparation 
An additional mechanical pump is needed to pump on the sorption pumps and to rough out 
Chambers 3, 4, and 5 during the pump down. It can be completed one day prior to the bleeding 
process. A variacs, thermometer, heating cuff, and liquid nitrogen container for each sorption 
pump is needed. Sorption pump baking can be completed one day prior to the operation or 
during the bleed.  
 
1. Turn on the third mechanical pump. Connect the third mechanical pump to a valve 
leading to the sorption pumps and to a valve leading to the Chambers 3, 4, and 5 
roughing bus. Refer to the sketch. Turn on the third mechanical pump. Fill the small 
liquid nitrogen (LN2) trap and pump out the line to the sorption pumps. Pump out the 
sorption pumps one at a time to 100 – 200 mtorr, then pump all three to 20 mtorr.  
 
2. Bake the sorption pumps. Start warming up the sorption pumps using the heating cuffs 
each attached to a variac. Slowly warm up the heating cuffs. To bake the sorption pumps 
faster, start at 100 V on the variacs. Monitor the temperature of the cuffs using a 
thermometer. Building Scientific Apparatus instructs to bake the sorption pumps to 250 
C. The sorption pumps should be heated for at least five hours. The mechanical pump 
may reach 1000 mtorr. Eventually the pressure should then decline to about 20 mtorr. 
 
3. Cool sorption pumps to room temperature. The sorption pumps need to cool overnight 





4. Cool sorption pumps with liquid nitrogen. Make sure the pressure on the sorption pumps 
is low (~20 mtorr), otherwise the mechanical pump oil might be absorbed by sorption 
pumps. During the pump down, open the third mechanical pump to the sorption pumps 
and start cooling them with liquid nitrogen. Hook the insulating liquid nitrogen 
containers to the sorption pumps and fill them with liquid nitrogen. This devise acts like a 
buffer in case the mechanical pump oil backstream into the sorption pump. 
 
5. Open sorption pumps to the machine. Top off the liquid nitrogen levels. Close the 
sorption pump valve to the mechanical pump and open the sorption pump valve to the 
Chambers 3, 4, and 5 roughing bus.  
 
6. Top off the liquid nitrogen levels. About every hour, refill the liquid nitrogen containers 
that cool the sorption pumps. Keep track of how many times the 1 L dewar is refilled. 
 
7. Close off the sorption pumps to the chambers. Once the pressure in the chambers on the 
high vacuum side of the machine are in the 10
-7
 torr range, close off the sorption pumps 
to the chambers. 
 
8. Warm the sorption pumps to room temperature. Remove the liquid nitrogen containers 
from the sorption pumps and check that the sorption pumps are warming up.  
 
9. Open sorption pumps to the mechanical pump. After about an hour, open the sorption 





10. Turn off the mechanical pump. Once the sorption pumps have warmed to room 
temperature (at least 0 C where the ice starts to melt), turn off the mechanical pump to 





1. Set the N2 regulator pressure. Prior to starting the bleed, be sure the N2 tank with the 
regulator is in position and has been tested for leaks using the Snoop leak detector. For a 
quicker bleed, set the regulator for about 20 – 30 psi. A leak valve may be used. 
 
2. Install needle gauge on Chamber 0. Normal bleed of the top of Chambers 0, 1, and 2 to 
install the gauge and stopper piece using the ultra torr port where the filament controls 
are usually located.  
 
3. Normal SNIPES pump down. Use the mechanical pumps to rough out the top of 
Chambers 0, 1, and 2 like the normal SNIPES pump down as if running. Once the 
diffusion pumps have warmed up, use the diffusion pumps to pump on Chambers 0, 1, 
and 2.  
 
4. Open the in-line gate valve. Once the pressure is low enough (Chamber 0: ~5 x 10-6 torr; 
Chambers 1 and 2: ~2 x 10
-6




ion pumps off. Close the diffusion pumps to the chambers. This practice is aimed to have 
the mid vacuum (Ch0,1, and 2) and high vacuum (Ch3, 4, and 5) in the relatively same 
vacuum level. Otherwise atmosphere gas molecules especially water will get into the 
high vacuum chambers and it is ruining the purpose of  N2 bleeding.  
 
5. Start the N2 bleed. Attach the N2 gas line to Chamber 0 through the bleed valve. The 
vacuum was used to hold a stopper that fits just inside the bleed valve. Wait for the 
pressure to rise to atmosphere by monitoring the N2 regulator and the newly installed 
needle gauge. One should be very patient during this process. If the N2 bleeding going 
too fast it might end up having the pressure inside the chamber higher than the 
atmosphere and thus ruins the gold seal in chamber 5. The bleed should take at least two 
hours and may take longer. 
 
6. Finish the bleed. Once the machine has been bled and the pressure gauge reads 0 inHg, 
check to see if the stopper device that was installed on Chamber 0 is able to be easily 
lifted off the cylindrical base. If so, the machine pressure is up to atmospheric pressure 
and now the repair can start. If the stopper is not able to be lifted, wait a little longer and 
check again. The stopper will easily come off once there is no longer vacuum pressure 
holding it in place, or when the pressure inside equals the pressure outside the instrument. 
7. Close the N2 bleed valve and N2 tank. Start the repair or improvement work on the high 
vacuum side. Once the ultrahigh vacuum is open, N2 should be continuously flowed 







8. Cool sorption pumps with liquid nitrogen. Make sure the pressure on the sorption pumps 
is low (~20 mtorr). Open the mechanical pump to the sorption pumps and start cooling 
them with liquid nitrogen. Hook the insulating liquid nitrogen containers to the sorption 
pumps and fill them with liquid nitrogen. 
 
9. Open the mechanical pumps to the chambers. Check to make sure the N2 tank is 
closed to the machine. Wait for the pressures to equilibrate and then slowly open the 
Chamber 0 mechanical pump to the chambers. Monitor the pressure using the needle 
gauge on Chamber 0 until the pressure is low enough to use the thermocouple gauge. 
From atmospheric pressure to 1000 mtorr is the critical pressure range. It may take 
about an hour with only the Chamber 0 mechanical pump. Then, open the Chamber 1 
and 2 mechanical pump. The in-line gate valve should still be open. 
Note: After the machine is roughed out, the rest of the pump down procedures can 
wait until the next day. Then the next day rough out the chambers and the 
diffusion pumps. 
Note: If pumping down in the same day, close the forelines to the diffusion pumps 
and pump on the entire machine. This will take a lot of cycling between 
diffusion pump forelines and the top of the chamber. If pumping down in the 
same day, it is suggested to wait to turn on the diffusion pumps until after the 





10. Double pump. Turn on the diffusion pumps and wait for them to warm up. Rough out the 
diffusion pumps and the top of the chamber using the mechanical pumps as usual (once 
the pressure reaches ~200 mtorr). This is the usual SNIPES pump down but the in-line 
gate valve should be open. 
 
11. Open diffusion pumps, turn on ion gauges, cool sorption pumps. Open the diffusion 
pumps to Chambers 0, 1, and 2. Turn on, then off, then on the Chambers 0, 1, and 2 ion 
gauges. Start cooling the sorption pumps with liquid nitrogen. 
 
12. Open sorption pumps to chambers. After about an hour, close the sorption pump valve to 
the third mechanical pump. Open the sorption pumps to the Chambers 3, 4, and 5 
roughing bus.  
13. Open the gold seals. Open the Chambers 3 and 4 gold seal (refer to the sketch) and make 
sure the pressures are alright. Then open the Chamber 5 gold seal. The sorption pumps 
are now pumping on Chambers 3, 4, and 5. Twenty-nine full turns of the gold seal mean 
that it is fully open. The gold seals have a built in stop to prevent them from opening too 
far. 
 
14. Turn on high vacuum ion gauges. Turn on the Chambers 3, 4, and 5 ion gauges and 
monitor the pressures.  
 
15. Refill liquid nitrogen levels. Top up the sorption pump liquid nitrogen about every hour. 





16. Leak check where the machine was repaired. Acetone leak check the bolts that were re-
tightened after entering the machine. Spray acetone on the flange and if the pressure in 
the chamber rises, there is a leak and the bolts need to be tightened. After tightening the 
bolts, the pressure then should drop. 
 
17. Cycle the Chamber 3 and 4 ion pumps, then turn them on. Once the pressure in Chamber 
3 reaches the mid 10
-6
 torr range, cycle the Chambers 3 and 4 ion pumps on and off 
repeatedly until the current comes down and stays on the scale. Check the temperature of 
the ion pumps to make sure they are not too warm. The pressure in Chambers 3, 4, and 5 
may rise to ~10
-4
 torr. Wait for the pressure to come back down to where it was before 
cycling the ion pumps. Then try cycling the ion pumps again. 
Note: The Chamber 3 ion pump stayed on when the pressure was 1.5 x 10
-6
 torr and 




18. Cycle the Chamber 5 ion pumps, then turn them on When the Chamber 5 pressure 
reaches the low 10
-5
 torr range, turn on the Chamber 5 ion pump. If the pressure rises to 
~10
-4
 torr, turn off the ion pump manually. Turn on and off the Chamber 5 ion pump until 
the current stays down and the pressure stays down. Monitor the temperature of the bays 






19. Close the in-line gate valve. Once the Chamber 5 ion pump is able to stay on, make sure 
the pressure continues to decrease. Close the in-line gate valve and check the pressures 
again. Re-open the in-line gate valve and be sure that the pressure in Chamber 3 begins to 
rise. Close the in-line gate valve and make sure the pressure in Chamber 3 drops again.  
 
20. Turn off sorption pumps and diffusion pumps, check the ion pumps. Turn off the sorption 
pumps to the machine and drop the liquid nitrogen containers from the sorption pumps. 
Make sure the in-line gate valve is closed and turn the diffusion pumps off. Check that 
the sorption pumps are warming back up to room temperature. All the ion pumps should 
be in protection mode at this point. 
 
21. Close the gold seals. Once the ion pumps are alright, close the gold seals with 6 foot-
pounds of torque.  
 
22. Open the third mechanical pump to the sorption pumps. Open the sorption pumps to the 
mechanical pump to get rid of the gas as they begin to warm up. About an hour after the 
diffusion pumps were turned off, turn off the mechanical pumps to Chambers 0, 1, and 2. 
When the ice on the sorption pumps begins to melt, they are at 0 C. Leave the 
mechanical pump on for about another hour and then turn off the mechanical pump for 
the sorption pumps. 
 
23. Check pressure gauges and pumps. Make sure the pressures in Chambers 3, 4, and 5 are 




check that all the mechanical, diffusion, and sorption pumps are turned off. Make sure the 
diffusion pump water is turned off (an hour after the diffusion pumps are turned off). 
Continue to monitor the pressures, especially in Chamber 5. Triple check all the gauges 
as usual. If the Chamber 5 pressure does not reach ~2 x 10
-9
 torr within the next few 
weeks, the chamber may have to bake to get rid of any gas physisorbed to the surfaces. 

















Appendix II Fix of loosen Faraday cup and Modifiation. 
After the machine was bled with N2 (which took four hours), the blank-off Conflat flange 
below the Faraday cup, two side feed-through flanges, and the flange with the bellows actuator 
were removed. The side feed-through flange with the electrical connection had to be removed 
careful to not disrupt the connections. Three screws came out. The initial problem was therefore 
that the screws had loosened over time which eventually caused them to fall out and disconnect 
the Faraday cup from the bellows actuator. The bellows manipulator allows the Faraday cup to 
be moved up and down on a daily basis. It was difficult to maneuver the Faraday cup arm 
because it was stuck on the ledge inside Chamber 3. The Faraday cup assembly did not fit 
through the chamber tube so the Faraday cup was detached from the arm. The electrical 
connections including the nuts from the threaded rod were also disconnected. Two screws were 
removed. 
Once all of the Faraday cup parts were removed from the chamber, some machining 
modifications were necessary in order to get the Faraday cup assembly to fit back into the 
chamber without disconnecting the chamber from the machine (which would require extremely 
careful aligning and thus was to be avoided). The Faraday cup housing and other pieces were 
modified in order to get the assembly to fit through the tube. The overall reduction in the housing 
to shield horizontal direction was 0.250 inches. Once all the modifications were made and the 
screws were tightened, the assembly was put back into Chamber 3. The Faraday cup assembly 
was reattached to the top conflate flange and the electrical connection was made to the feed-
through flange. The electrical connectivity was verified by checking the resistance using the 
ohmmeter setting of a multimeter. In the ‘down’ position, the Faraday cup connectivity gave a 
reading because the Faraday cup is isolated. In the ‘up’ position, the Faraday cup was grounded 




movements. The ports were closed by tightening the bolts in a star pattern. This ensured that the 
knife edges would slowly and evenly bite into the OFC (oxygen free copper) gasket. The ports 
were closed and then the pump down process began. 
 
The stainless steel Faraday cup housing was 1 inch long but 0.120 inches were removed 
leaving it 0.880 inches long. The space between the top of the Faraday cup and the housing was 
0.209 inches before the 0.120 inches were removed from the housing. The vespel insulator just 
behind the Faraday cup is 0.070 inches thick. The vespel insulator on the other side of the arm 
was 0.192 inches thick and then at least 0.120 inches were removed leaving it between 0.050 and 
0.070 inches thick. The all thread was shortened by 0.16 inches. The overall reduction was 0.240 
inches from the vespel insulator and the stainless steel housing. Once these modifications were 
made, the nut on the all thread and the two screws holding the housing touched. Therefore, the 
screw heads were countersunk into the arm resulting in no contact. The Faraday cup got stuck 
when it was put down the tube so another 10 microns (0.010 inches) from the housing had to be 
removed. Once this was removed, the Faraday cup apparatus was able to make it past the weld 



























Appendix III Coupling Mass Spectrometry with Computer  
Background 
In order to collect a photoelectron spectrum accurately, precisely mass-selecting the 
cluster anion is one of the important step. Mass spectrum alone can provide critical information 
of the molecule/cluster ions to be analyzed. For instance, the intensity of the peaks can tell us the 
information about the stability of certain species, and sometimes, given the isotope pattern, the 
composition of the molecule/cluster ions can be determined. In publications, a clean and well 
calibrated mass spectrum is desirable. Since the magnetic sector mass spectrometer equipped on 
SNIPES is a home-made apparatus, it provides the opportunity that one can have much more 
freedom than the commercial ones to optimize its performance, including sensitivity, resolution, 
and noise-to-signal ratio. However, it is also challenging at the same time.  
System Overview 
 The mass spectrometer equipped on SNIPES consist of Nuclide Magnet Regulator, 
Keithley 2000 Digital Multimeter, and the Krithley 6514 Digital Electrometer. The data 
acquisition program is Labview Signal Express, download available at National Instrument 
website. Nuclide Magnet Regulator controls the current going through the copper coils in the 
magnet, thus the magnitude of magnetic field. The Nuclide Magent Regulator has two modes, 
manual and scan mode. Setting at manual mode, one can scan the mass spectrometer to search 
for mass signal. By setting at scan mode, one can scan the whole mass spectrum with a constant 
rate of increasing magnetic field.  Keithley 2000 Digital Multimeter is used to read the voltage 
on the Hall probe, installed on the magnetic sector. The working principle of Hall probe is when 
electric current is passing through a conductor placed in a magnetic field, due to the Hall effect, 
the charge on the conductor will be separated along the perpendicular direction to the current. 




Using the Keithley 2000 Digital Multimeter, a roughly 400 pA noise level incurs. However, 
acquiring data by the chart recorder, the noise is filtered out due to the slow response of the chart 
recorder. In order to acquire data by Labview program, a signal amplifier was used so that the 
signal to noise level can be optimized.  
System Operation 
Using Chart Recorder 
 In this section, the procedure of collecting mass spectrum using chart recorder is 
described. This is only for the circumstances that the computerized mass spectrometer is not 
working. Using the chart recorder can be a good method in the trouble-shooting stage. The chart 
recorder simply records the signal collected through the picoameter versus the time. When 
collecting the mass spectrum, switch the operation mode on the Nuclide Magnet Regulator to 
“scan mode,” the magnetic field will be increasing as the function of current. Along the mass 
scanning phase, one should watch the chart recorder and the hall probe electrometer very closely. 
When there is a peak shows up on the chart recorder, one should record the voltage on the hall 
probe immediately, for the future mass identification and calibration. For a better mass 
calibration, one should go back to the manual mode and search for the peaks on the mass 
spectrum, to record the more precise peak position. This is a disadvantage of the chart recorder - 
it requires one person to watch the chart recorder through the collection. Also due to the 
imperfect time coordination of human beings, recording the peak position precisely is nearly 
impossible. There are some variation can be made on the chart recorder. Rolling rate can be 
adjusted so that one can observe a more detailed or more general looking mass spectrum. 
Intensity can be adjusted so that the peak can be enlarged or shorten.  




When the system is in operation, typically three sets of data are acquired simultaneously, the 
Hall probe voltage, ion current, and time. The data sets given by the Labview program are Hall 
probe voltage vs. Time and ion current vs. Time. Back in the old days, we calibrate the mass by 
comparing the hall probe voltage and ion current. The first step is making the hall probe voltage 
vs. ion current graph. However, due to the fluctuation of the hall probe voltage reading, the 
graphs do not look ideal. We smooth the Hall probe reading by fitting Hall probe voltage and the 
time. Then we use the smoothened hall probe voltage to fit with the ion current, linked by the 
time. The mass calibration can be done by carefully chose the four peaks with the known mass 
and make a plot, then do a second order polynomial fit to make the calibration curve. 
Future Improvement 
 Much of the noise and fluctuation on the mass spectra come from the electronic 
interference inside the chamber 5. Also, we found that the quality and length of the BNC cable 
connecting the electrometer and the bus card have an impact on the noise level. In order to 
reduce the noise to signal ratio, a BNC cable of higher quality and of shorter length can be used. 
Another way to reduce the noise level is acquire a better signal amplifier. As mentioned before, 
the amplifier can filter the noise. The signal amplifier in use can only amplify the signal 10 folds. 
The newer model is recommended, which can amplify the signal by 1000 folds.  
 Another improvement involves more mathematics and Labview programing skills. 
Presently, the mass calibration is done manually. One has to calibrate the mass spectrum by the 
known mass peak against the hall probe and/or the time. If the relation between the signal current 
and hall probe voltage/time is liner, an universal equation can be utilized so that for every mass 




However, as mentioned in the chapter 1, the relation is 2
nd
 order. Therefore with different scan 
starting point, the 2
nd
 order equation is different. For future improvement, one can develop an 
equation that can relate the mass-to-time equation with the scan starting point. Furthermore, this 
can be implemented into the labview program, so that manually mass calibration can be replaced 
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